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Abstract 
 
The European Cooperat ion in Science and Technology (COST) Action FP0702 “Net -
Acoust ics for  T imber  based Lightweight  Build ings and Elements” i s  a t tempting to  
extend the EN12354 ser ies o f  s tandards.  The European Standards (EN) CEN (2000a) ,  
CEN (2000b) ,  CEN (2000c) ,  CEN (2000d) ,  CEN (2000e) ,  CEN (2000f)  se r ies,  EN 
12354 gives methods for  predic t ing the  propagat ion o f sound and vibra t ion in 
bui ldings.  The f ir st  four  par ts  o f this  ser ies have  also been publ ished as the 
Interna tional  Organiza t ion for  S tandard izat ion ( ISO)  ISO15712 ser ies o f  standard s 
( ISO (2005a) ,  ISO (2005b) ,  ISO (2005c) ,  ISO (2005d)) .  These ser ies o f  standards a re  
complemented by the ISO 10848 ser ies o f standards  ( ISO (2006a) ,  ISO (2006b) ,  ISO 
(2006)) ,  which speci f ic  methods o f measuring the flanking sound transmis s ion in 
bui ldings.  
This research has raised  the ques t ion o f  whether  the vibra t ion transmiss ion at  a  wall  
junct ion depends  on how the wall  i s  exci ted (by e i ther  a  sound  wave or  a  mechanical  
shaker) .  The aim of this  research i s  to  inves t iga te  this  quest ion and hence contr ibute to  
the revision o f  the  ser ies o f standards.  Vi l lo t  and Guigou-Carte r  (2000)  have 
considered this  p roblem but  the ir  equat ions (10)  and  (13)  appear  to  be in error .  This  
research wi l l  endeavour  to  der ive the cor rec t  equations and repeat  Vi l lo t  and  Guigou-
Car ter ’s  calculat ions.   
This thes is  sho ws that  the transmiss ion of forced bending waves i s  d i f fe rent  from the  
transmission of freely p ropagat ing bending waves.  However ,  Vil lot  and Guigou-
Car ter ’s  (2000)  ca lculat ions,  for  a  pinned junct ion between two panels  that  are  the 
same,  over  est imates the  di fference.  The case o f a  forced wave in a  f luid  incident  on a  
plane inter face sur face where the p roper t ies  o f the f luid  may change  i s  inves t iga ted 
f irs t .  I t  i s  sho wn that  the intensi ty propagated to  and from the inte r face  sur face cannot  
be ca lculated separate ly  for  the  forced inc ident  wave and the freely propagat ing 
ref lected  wave,  because the cross terms in the intensi ty ca lculat ion cannot be cance led.  
This implies  tha t  a  t ransmiss ion factor  or  coeff icient  cannot be  ca lculated.  This i s  the 
reason for  the er ror  in Vil lo t  and  Guigou-Car ter ’s  (2000)  equat ion (10) .  
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The ca lcula t ions are  then extended to  the p inned  junct ion be tween the two panels case ,  
considered by Vil lot  and  Guigou-Carte r .  I t  i s  shown that  thei r  d i f fuse  fie ld  weighting 
is  a l so  in error .  
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Chapter 1 Introduction 
 
 
Flanking sound transmission i s  the transmission of sound fro m one room to  another  
other  than via  the co mmon wall  o f the two  rooms (E.  Gerretsen (1986) ,  E.  Gerretsen 
(1979) ,  Night ingale (1995)) .  The current  theory is  only val id  for  heavy weight  single 
leaf wall s .  Many researchers have addressed this  area o f  research,  see the papers by 
Vil lot  (2002) ,  Nightinga le and Bosmans (2003) ,   Davy,  Mahn,  Guigou-Carter ,  and 
Vil lot  (2012);  (Eddy Gerretsen,  2007) ,  CSTC (2008) ,  Mahn (2008) ,  and  Davy (2009) .  
Researchers are  able  to  measure the f lanking transmission of many bui ld ing sys tems  
(Brunskog and  Chung (2011) ,  Cr ispin,  Ingelaere ,  Van Damme, and  Wuyts  (2006)  and 
Guigou-Car ter ,  Vil lot ,  and Roland (2006)) .  Lightweight  build ing e lements typica l ly 
have cr i t ica l  frequencies  in or  above the frequency range of  in teres t ,  so  the current  
theory does no t  app ly to  them. The European Cooperat ion in  Science and  Technology 
(COST) Act ion FP0702 “Net -Acoustics  for  T imber  based Lightweight  Bui ldings and 
Elements” has  been at tempting to  extend the EN12354 ser ies o f s tandards ( ISO 
(2005a) ,  ISO (2005b) ,  ISO (2005c)  and  ISO (2005d))  fo r  ca lculat ing the  f lanking sound 
transmission of single  leaf  heavy weight  walls  to  l ightweight  walls  and in par t icular  to  
more complicated l ight  weight  wal l s .  The  research work of  th is  ac t ion has raised the 
ques t ion o f  whether  the transmission of vibrat ion fro m one wall  to  ano ther  wall  
depends  on whether  the exci ted wal l  is  exc ited  mechanica l ly by a  shaker  or  
acoustica l ly by a  sound f ield .  The answer ing of th is  ques t ion wi l l  enable  the extens ion 
of EN12354 to  l ightweight  walls  on a  more ra t iona l  bas is .  This extens ion is  
par t icular ly impor tant  for  Austra l ia  because Austral ia  has much more l ightweight  
construct ion than most  par ts  o f Europe.  
 
Vil lo t  and Guigou-Carte r  (2000)  have considered this  prob lem but  their  equat ions  (10)  
and  (13)  appear  to  be in error .  They have publi shed another  paper  on this  subjec t  in 
which the ir  measurement methods  have been reconsidered Guigou-Carte r  et  a l .  (2006) .  
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This research wi l l  endeavour  to  der ive the correct  equat ions  and repea t  Vil lot  and 
Guigou-Car ter ’s  ca lcula t ions.   
Airborne exc itat ion o f a  wall  wi th a  s ingle  frequency of sound a t  a  s ingle angle o f 
incidence p roduces a  forced bending wave in the  wall  wi th a  wave length which i s  equal  
to  the  trace wavelength of the inc ident  sound on the wal l .  When this  forced bending 
wave i s  re f lec ted at  the edges  o f the wal l ,  i t  produces  resonant  bend ing waves and  
exponent ial ly decaying near fields.  Exci ta t ion with a  mechanical  shaker  produces 
resonant  bending waves and  exponentia l ly decaying near f ie lds.  This  research wi l l  
calcula te  theore t ica l ly the di ffe rence be tween the transmiss ion of forced  bending 
waves and  resonant  bending waves from an exc i ted wal l  to  a  wal l  connected to  the 
exci ted wal l .  For  most  wal ls ,  the transverse velocity o f  the resonant  bending waves i s  
larger  than the transverse veloci ty o f the forced bending waves.  Vi l lo t  and Guigou-
Car ter  (2000)  suggest  that  the t ransmission of  fo rced bending waves through the 
junct ion can be ignored.  Incident  acoustic  wave exci tat ion and  the  mechanica l ly 
exci ted exci ta t ion wi l l  be considered.  Acoust ic  exc itat ion induces forced  and resonant  
bend ing waves.  Exci ta t ion by a  mechanica l  shaker  induces  only r esonant  bending 
waves.  So by compar ing the two cases o f t ransmiss ion of bend ing wave energy from 
one  wall  to  ano ther  wall  v ia  a  common junc tion,  i t  can be  determined i f  the forced 
bending wave transmiss ion is  s igni f icant  or  not .  The a im is  to  f ind the ve loci ty 
di f ference between the two  wal ls ,  when the  wall  is  exc ited acoustical ly and  
mechanica l ly.  Will  the veloc ity d i f ference  be the  same?  I t  i s  suspected  that  i t  wi l l  be 
di f ferent  because in the mechanica l  case there is  only a  resonant  bending wave ,  whi le  
in  the  ai rborne case there i s  both a  forced bending wave  and resonant  bending wave.  
The quest ion i s  by how much wi l l  the ve loci ty t ransmiss ion d i ffer?  
 
The der ivat ion o f the relevant  equat ions in  Cremer,  Heckl ,  and Pe tersson (2005)  wi l l  
be s tudied as wi l l  thei r  extension to  equat ion (9 )  of  Vil lot  and  Guigou-Car ter  (2000) .  
The di fference be tween the t ransmission of forced and resonant  waves wi l l  f i r st  be 
invest igated for  the simpler  case o f sound waves in  a  f luid  medium.  Then the correc t  
vers ions  o f equat ions (10)  and (13)  o f Vi l lo t  and Guigou-Carte r  (2000)  wi l l  be  der ived 
3 
 
using the kno wledge gained  in the sound wave case .  These  corrected equations wi l l  
then be used to  p redict  the di f fe rence be tween forced bending wave transmission and 
resonant  bending wave  t ransmiss ion from an exc ited wall  to  an at tached wal l .   
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Chapter 2 Derivation of the fluid media sound equations 
 
2.1  Introduction 
 
The a im of this  thesis  is  to  look at  the transmiss ion of forced bending waves  at  a  
junct ion o f two p la tes.  In this  chapter  the simpler  case o f forced waves  in a  flu id  
medium are considered because there  are  less var iab les and the equations are  sl ight ly 
simpler .  
 
In this  chapter ,  the case of the transmiss ion of a  forced sound wave fro m one inf ini te  
ha l f  space f luid  medium to  ano ther  is  considered .  F irs t  the case o f norma l inc idence,  
when the two media  are  the same is  considered .  
 
I t  would not  be possib le  to  generate  a  fo rced wave in a  three d imensiona l  flu id  medium 
because a  dist r ibuted three dimensiona l  vo lume ve loc ity source would be needed .  
However  the concept  o f a  forced wave i s  theore t ica l ly possib le  and most  der iva t ions o f  
the three d imensional  fluid  wave equat ion do include a  dis tr ibuted three  dimensional  
volume ve loc ity source.  A point  source  i s  usua lly introduced by making the spa tia l  
d is tr ibution o f  th is  volume veloci ty source  a  spa tia l  Dirac de l ta  func tion.  
 
Forced  waves in a  flu id  medium, do  exis t  pract ical ly in the two  dimensiona l  case o f the 
air  cavi ty in  a  double wall  sys tem when the wid th o f the cavi ty i s  small  compared to  
the wavelength o f sound .  They a lso exis t  pract ical ly in the one  dimensiona l  case o f a  
microphone  turbulence screen when the internal  cross sect ional  dimensions o f the 
microphone  turbulence screen tube are small  compared to  the wavelength o f sound.  
 
2.2 Normal Incidence with the same media on both sides of 
the junction 
 
The compress ibi l i ty equation i s  
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 ,2
0
0 ρρ
ρ
cBp ==  (2 .1)  
where ρ i s  the change in  densi ty f rom the ambient  densi ty (densi ty f luc tua tion due to  
the sound wave) ,  p  i s  the acoust ic  pressure from the ambient  pressure .  B 0  i s  the 
adiaba tic  bulk modulus of the air .  B0  i s  a  measure o f the volumetr ic  incompress ibi l i ty 
or  vo lume s t i f fness o f  the medium.  0ρ is  the ambient  densi ty o f  the  medium in which 
the wave i s  t ravel ing.  c  is  the phase speed  of the  sound wave in the gaseous or  l iquid 
medium. Because  these media are  non-d ispersive,  the  group ve loc ity ( the veloci ty a t  
which energy i s  t ranspor ted)  and  the  s igna l  ve loc ity a re  a lso equal  to  the phase  
ve loc ity c .  
 
 .
0
02
ρ
Bc =  (2 .2)  
Equat ion (2 .2)  rela tes the phase speed of the sound wave  to  the ad iabat ic  bulk modulus 
and  the densi ty o f the medium.  
The continuity equat ion is  
 .00 Ux
u
t
ρρ
ρ
=
∂
∂
+
∂
∂
 (2 .3)  
where u  i s  the acoustic  par t ic le  ve loci ty o f the sound wave  in the posi t ive x -axis  
direc t ion.  
x
u
∂
∂
 is  the gradient  in the x -axis d irect ion o f the acoust ic  par t ic le  veloci ty.  
The acoustic  par t ic le  ve loci ty i s  the velocity o f the medium caused by the sound wave.  
U  i s  the vo lume veloc ity  per  uni t  volume inser ted into  the medium at  posi t ion x .  
Ambient  re fers  to  the  cl imatic  condit ions o f the medium before i t  i s  d is turbed  by the 
acoustic  wave trave ll ing through i t .  
The fol lowing two equat ions are  Newton’s iner t ia  equations ,  where  t  i s  the t ime.  
 .00 =∂
∂
+
∂
∂
x
p
t
u
ρ  (2 .4)  
 
Different ia t ing (2 .3)  wi th respect  to  t  gives  
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2
t
U
x
u
tt ∂
∂
=
∂
∂
∂
∂
+
∂
∂
ρρ
ρ
 (2 .5)  
 
Different ia t ing (2 .4)  wi th respect  to  x  gives  
 
 .0)(
2
2
0 =
∂
∂
+
∂
∂
∂
∂
x
p
t
u
x
ρ  (2 .6)  
 
 
Different ia t ing equation (2 .1)  twice with  respect  to  t  gives  
 
 . 1 2
2
2
2
2 tt
p
c ∂
∂
=
∂
∂ ρ
 (2 .7)  
Use equation (2 .7)  to  replace  the  value o f   2
2
t∂
∂ ρ
 
in the  fo l lo wing equation gives  
 
 .1 02
2
22
2
t
U
t
p
cx
p
∂
∂
−=
∂
∂
−
∂
∂
ρ  (2 .8)  
This i s  the one  dimensiona l  wave equat ion.  To solve the one d imensiona l  wave 
equat ion for  the forced pressure ,  requires that  i t s  var iab les  (p  and U)  are  defined,  
d i f ferentiated and then placed  into  equation (2 .8) .  This is  done be low.  
Let  the vo lume velocity equal  
 )],(exp[ xktjUU ff −= ω  (2 .9)  
and  the acoust ic  pressure equal  
 )],(exp[ xktjpp ff −= ω  (2 .10)  
where ω  i s  the angular  f requency.  
 
Fir s t ly p  ( equation (2 .10))  wi l l  be di f ferentiated twice wi th respect  to  t  and x .   
Different ia t ing p  twice wi th  respec t  to  x  g ives  
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 .222
2
ppj
t
p
ωω −==
∂
∂
 (2 .11)  
Next  U  is  d i f ferentia ted wi th  respec t  to  t .  
 .Uj
t
U
ω=
∂
∂
 (2 .12)  
Substi tut ing va lues for  2
2
x
p
∂
∂
,  2
2
t
p
∂
∂
(equat ion (2 .11) ) ,  and 
t
U
∂
∂
(equat ion (2 .12))  into  the  
one  dimensiona l  wave equation ((2 .8))  g ives  
 
 .)( 02
2
2 Ujp
c
k f ωρ
ω
−=+−  (2 .13)  
The use o f equat ion (2 .9 )  and (2 .10)  to  rep lace p  and U  in equat ion (2 .13)  gives  
   
 
 ,22
0
f
f
f Ukk
jp
−
−
=
ωρ
 (2 .14)  
where  
 ,
c
k ω=  (2 .15)  
is  the wave number  and where ω=2πf.   
The boundary o f  the  two  ha l f infini te  flu id  media in  the p lane x=0.  
The forced solut ion o f the non-homogeneous equation (2 .8)  i s  g iven by equat ion (2 .14)  
where the forcing only occurs in medium 1 where x<0.  Thus U f=0  i f  x>0 and  
 
 






>
<
−
−
= .
0                                     0
0                   22
0
x
xU
kk
j
P
f
f
f
ωρ
 (2 .16)  
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2.3 Media same for x<0  and x>0,  normal incidence forced wave 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Medium 1 Medium 2 
Pi 
Pt 
Pr 
x 
y 
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F igure  2 .1  The two d imen s ional  case .  
In this  sect ion the solut ion to  the homogenous vers ion of equat ion (2 .8)  wi l l  be  
calcula ted.  The re flected and transmit ted  p ressures wi l l  a l so  be ca lcula ted.  F ina lly the 
incident  t ransmi t ted intensi ty wi l l  be  ca lculated.  
To obtain the continuity  of p ressure and acoust ic  par t ic le  veloc ity at  x=0,  so lut ions  o f 
the homogeneous version o f equation (2 .8)  need  to  be added.  The homogeneous  version 
of equat ion (2 .8)  i s  
 
 .01 2
2
22
2
=
∂
∂
−
∂
∂
t
p
cx
p
 (2 .17)  
To solve the above equation the pressure wi l l  be  defined  and d i fferentiated wi th 
respect  to  x  and t .  Then these solut ions wi l l  be replaced into  equat ion (2 .17) .   
To begin the pressure i s  defined  to  be  
 )].(exp[ mxtjap −= ω  (2 .18)  
Equat ion (2 .18)  i s  d i f ferentiated  twice wi th  respect  to  x and t  and the resul t s  are  put  
in to  equat ion (2 .17)  to  give  
 .02
2
2 =+− a
c
am ω  (2 .19)  
I f  a  i s  not  equal  to  zero then equat ion (2 .19)  may be rear ranged to  give  
 
 .k
c
m ±=±= ω  (2 .20)  
The resul t  o f equat ion (2 .20)  i s  put  in to  equation (2 .18)  to  give the so lut ion.  Thus  the 
genera l  so lut ion o f the homogeneous equation  i s  
 
 .)]([2
)]([
1
kxtjkxtj eaeap +− += ωω  (2 .21)  
Hence  the  so lut ion for  the case o f  the  only inc ident  wave being a  forced incident  wave  
in  the  fir s t  medium is   
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 (2 .22)  
 
Thus,  
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0
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

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=
xkxtjpk
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t
r
f
ff
ω
ω
ω
ω
ω
ω
ρ  (2 .23)  
 
At x=0  and  t=0  wi th  the  same medium on bo th s ides,  the continuity o f  p ressure  gives  
 
 .trf pppp =+=  (2 .24)  
Using equat ion (2 .23) ,  the cont inui ty o f the par t ic le  ve loci ty a t  x=0 and  t=0 gives  
 .
000
trf
f pkpkp
k
u
ωρωρωρ
=−=  (2 .25)  
To find the transmitted pressure  the  above equat ion i s  mul t ipl ied by ρ 0ω
 
 .trff kpkppk =−  (2 .26)  
 
    the  transmi t ted p ressure  i s   
 .
2 f
f
t pk
kk
p
+
=  (2 .27)  
 
Rearranging this  gives  
 .
2 f
f
r pk
kk
p
−
=  (2 .28)  
The to ta l  in tensi ty propagated  in the posi t ive x  d irec t ion i f  x<0 is  
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 .Re)(  ) u(p.=I ri+  
(2 .29)  
I ( i + r )  is  the  to tal  intensi ty,  Re i s  the r eal  par t  o f the complex number ,  p  i s  the pressure 
and  u is  the complex par t ic le  veloc ity.  The  total  p ressure  on the x<0 s ide i s  
 [ ].)(exp)](exp[ kxtjpxktjpp rff ++−= ωω  (2 .30)  
From equat ion (2 .25)  the complex par t ic le  veloc ity is  given by 
 )].(exp[)](exp[
00
kxtjpkxktjp
k
u rff
f +−−−−= ω
ωρ
ω
ωρ
 (2 .31)  
The bar  over  the u  in equation (2 .31)  indicates the opera t ion o f  taking the complex 
conjugate (changing the  sign o f  the imaginary par t  o f the complex number) .  This is  
a l so  somet imes sho wn with a  superscr ip t  *.  
Put t ing equat ion (2 .30)  and  (2 .31)  into  equat ion (2 .29)  gives  
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 (2 .32)  
 
  
th is  becomes  
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 (2 .33)  
Thus the tota l  intens i ty has been calcula ted.  
2.4 The total intensity when x=0 (at the junction of the two 
media) 
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In this  sect ion the to ta l  in tens i ty is  ca lculated a t  the junct ion o f the p la tes ( x=0 ) .  
Equat ion (2 .33)  i s  considered again.  Equat ion (2 .33)  can be wr it ten as  
 .
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(2 .34)  
Thus  
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(2 .35)  
Using the fo l lo wing rela t ionships  
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gives  
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(2 .37)  
and  thus the to ta l  in tens i ty a t  the junct ion o f the  two media  i s  
 .
2
2
0
2
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kk
c
p
I ffri ρ
 
(2 .38)  
 
 
  
2.5 The transmitted intensity (It(x))  when x>0 
 
 
In this  sect ion the transmit ted intens i ty i s  ca lculated.  
The transmi tted  intensi ty is  given by 
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 )..Re( upIt =  
(2 .39)  
The pressure i s  given by  
 )].(exp[ kxtjpp t −= ω  (2 .40)  
The complex conjugate of the complex par t ic le  ve loc ity i s  given by  
 )].(exp[
0
kxtjpku t −−= ωωρ
 (2 .41)  
Now equat ion (2 .40)  and (2 .41)  are  put  into  equation (2 .39) .  This gives  
 )].(exp[)](exp[
0
kxtjpkkxtjpI ttt −−−= ωωρ
ω  (2 .42)  
Equat ion (2 .42)  i s  s impl i fied  down to  
 .
0
2
ωρ
kpI tt =  (2 .43)  
From equat ion (2 .27)  
 .
2 f
f
t pk
kk
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+
=  (2 .44)  
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(2 .45)  
2.6 The intensity carried by the reflected wave (x<0) if 
propagating alone. 
 
 
In this  sect ion the re f lec ted intens i ty is  ca lculated.   
The intensi ty o f the re flected  wave in  the  x<0 region i s  
 .).( upIr =  
(2 .46)  
The va lue used for  p  i s  the same as equation (2 .30) .  
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 [ ].)(exp)](exp[ kxtjpxktjpp rff ++−= ωω  (2 .47)  
The va lue used for  the  complex par t ic le  ve loci ty  u  i s  the same as equation (2 .31)  
 )].(exp[)](exp[
00
kxtjpkxktjp
k
u rff
f +−−−−= ω
ωρ
ω
ωρ
 (2 .48)  
The re f lec ted intens i ty ( I r)  i s  the same as the inc ident  intensi ty ( I i)  
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In this  case the incident  forced wave  i s  not  being considered ,  thus 0=fp   
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0
2
ωρ
r
r
pk
I −=  (2 .50)  
 
 .
4
)( 2
2
2
2
f
f
r pk
kk
p
−
=  
(2 .51)  
 
     Using the re lat ionship in equation (2 .36)  i t  i s  found tha t  
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(2 .52)  
2.7 Media different for x<0  and x>0 .  A normally incident forced 
wave is firstly considered. The transmitted intensity and the 
incident and reflected intensity is found. 
 
 
In this  sect ion the media  are  d i f ferent  on bo th sides o f  the  junc tion.  The complex 
par t ic le  ve loci ty i s  ca lculated.  The re f lec ted and transmitted pressures are  calcula ted.  
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Then the transmi tted  intens i ty is  ca lculated.  Finally the inc ident  in tensi ty is  
calcula ted.  
Note  tha t  I r  i s  negat ive because the re flected intens i ty is  propagating in the negat ive x -
axis direct ion rather  than in the posi t ive  x -axis direc t ion.  I f  ρ 1  and c1  apply for  x<0 and 
ρ 2  and c2  app ly for  x>0,  then we def ine the impedances o f the two media  to  be  
 222111   and , cZcZ ρρ ==  
(2 .53)  
and  the wave numbers to  be  
 
2
2
1
1   and c
k
c
k ωω ==  (2 .54)  
 
The pressure in the two media i s  given by 
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Afte r  much subst i tu t ion,  
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To find the transmitted pressure ,  equation (2 .24)  i s  considered as i t  app lies at  x=0  and 
t=0 .  Equat ion (2 .24)  i s  
 
 trf pppp =+=  (2 .57)  
Also using the version o f equat ion (2 .25)  wi th the appropriate  wave numbers gives  
 .
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The complex par t ic le  ve loci ty can now be expressed as  
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     The  transmit ted pressure i s  
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To find the re flected pressure,   
 .
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Rearranging this  equation gives the re f lected  pressure as  
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Transmi tted  intensi ty a t  x=0  i s  
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gives  
 .)](exp[)](exp[Re 22
2
2








−−−= xktjxktj
Z
p
I tt ωω  (2 .64)  
 
   Therefore equat ion (2 .64)  reduces do wn to  
 .Re
2
2








=
Z
p
I tt  (2 .65)  
From equat ion (2 .60)  
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f
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k
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p
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



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 +
=  (2 .66)  
 
The transmitted  intensi ty is  found to  be  
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=  (2 .67)  
Total  in tensi ty a t  x=0 is   
 
 )..Re()( upI ri =+  
(2 .68)  
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(2 .69)  
At x=0
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−+−=+ Z
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Z
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f
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(2 .70)  
From equat ion (2 .62)   
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)(
)(
121
112
f
f
r pZZk
ZkZk
p
+
−
=  (2 .71)  
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1
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f
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Z
k
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I
+





 +
=+  
(2 .72)  
Hence  this  i s  the simplest  form of the tota l  intensi ty.  
 
2.8 The acoustic particle velocity in the oblique incidence 
case. 
 
 
In this  sect ion the complex par t ic le  veloci ty in  the x  d i rec t ion i s  ca lcula ted.  
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The three d imensional  momentum equat ion is  
 ,  u0 t
p m ∂
∂
−=∇ ρ  (2 .73)  
where u  i s  the vectoral  acoustic  par t ic le  veloc ity  and 0mρ  is  the ambient  densi ty o f the 
m th medium.  The x  component o f equat ion (2 .74)  i s  
 .0 t
u
x
p x
m ∂
∂
−=
∂
∂
ρ  (2 .74)  
The complex par t ic le  ve loci ty in  the  x  d irec t ion is  g iven by  
 .0
tj
xx euu
ω=  (2 .75)  
 
Different ia t ing wi th respect  to  t  gives  
 
 .xx ujt
u
ω=
∂
∂
 (2 .76)  
Put t ing equat ion (2 .76)  into  (2 .74)  gives  
 .0 xm ujx
p ωρ−=
∂
∂
 (2 .77)  
    gives  
 .0 xmmm ucjkx
p ρ−=
∂
∂
 (2 .78)  
     The  pressure is  given by 
 .)(0
tjykxkj eepp yx ω+−=  (2 .79)  
Thus the co mplex par t ic le  ve loc ity in the x  d irec t ion is  
 .
1 p
k
k
Z
u
m
x
m
x =  (2 .80)  
where Z m  can be Z1  or  Z 2 ,  kx  can be k 1 x ,  kr x ,  or  k f x  and wi l l  e i ther  be  rea l  or  imaginary 
and   km  can be k 1  or  k 2 ,  r  deno tes the re f lected  wave and f  the inc ident  forced wave.  
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2.9 Proof of no power flow in a nearfield 
 
 
In this  sect ion the complex par t ic le  veloci ty  i s  calculated.  Then i t  i s  p roved  tha t  there 
is  no  power flo w in  a  nearf ie ld .   
When total  interna l  re f lect ion occurs ,  a  non-propagat ing near fie ld  is  produced in the 
second  medium.  There i s  no po wer f low wi th a  near field .  This is  proved  belo w for  a  
t ransmi tted near fie ld  wave.  Consider  
 
.0 t
u
x
p
∂
∂
−=
∂
∂
ρ
 
 
(2 .81)  
The sound pressure in a  near field  i s  given by 
 .yjkxktjt tytx eeepp
−−= ω  (2 .82)  
 
 
 .
1
0 t
u
x
p
∂
∂
=
∂
∂
−
ρ
 (2 .83)  
 
 .
0 t
ueeepk yjkxktjttx tytx ∂
∂
=
−
− −−ω
ρ
 (2 .84)  
Equat ion (2 .179)  i s  in tegra ted wi th respect  to  t  to  give  the  complex par t ic le  ve loci ty  
 
Equat ion (2 .181)  becomes  
 .
0
yjkxktj
t
tx tytx eeepjku −−−= ω
ωρ
 (2 .85)  
Taking the complex conjugate o f  the  par t ic le  velocity gives  
 .
0
yjkxktj
t
tx tytx eeepjku +−−+= ω
ωρ
 (2 .86)  
The intensi ty i s  g iven by 
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 )..Re( upI =  (2 .87)  
Equat ion (2 .176)  and (2 .184)  gives  
 ).).((.
0
yjkxktj
t
txyjkxktj
t
tytxtytx eeepjkeeepup +−−−− += ωω
ωρ
 (2 .88)  
Afte r  so me simpli f icat ion this  becomes  
 .. 2
2
0
xk
t
tx txepjkup −+=
ωρ
 (2 .89)  
The rea l  par t  o f equation (2 .187)  i s  zero because i t  i s  pure ly imaginary.  Hence  
 0).Re( == upI  (2 .90)  
Thus there  i s  no po wer f low for  a  near field .  
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2.10 Derivation of transmitted and reflected pressures for 
oblique incidence. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
F igure  2 .2 :  A figure  sho wing the  co-ord in at e  f i gures  used  in  th i s  sect ion .  
 
 
 
 
In this  sect ion the s ines and  cosines o f  the  transmit ted angle ,  the  re f lec ted angle and 
the t ransmitted angle  are  calcula ted .  The transmi tted wave number  in the  x  and y  
d irec t ion i s  ca lcula ted.  The re f lec ted wave number  in the x  and y  d irect ion is  
calcula ted.  The forced wave number  in the x  and y  d irect ion is  ca lculated.  The 
transmitted pressure i s  calculated.  Final ly the re f lec ted pressure i s  calculated.  
x 
y 
pt 
pi  
pr  
θ t  
θ f  
θ r  
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The plane wave number  k= )0,,( yx kk  l ies in the x  y  p lane and  makes an angle o f θ with 
the x -axis.  The posi t ion var iab le  is  x=(x ,  y ,  z) .  The t ime is  t  and ω is  the angular  
ve loc ity.  Θ is  the  angle between k  and  x .  The  axes have to  be ro ta ted so that  there i s  
no component  o f wave number  in the z -axis di rect ion.  The p lane acoustic  wave var ies 
as  
 
,))((
).()cos(
ykxktj
xktjxktj
yxe
ee
+−
−−
=
=
ω
ωθω
 (2 .91)  
The component o f the fo rced wave number  in  the  y  axis d irect ion i s  
 ,sin ffy kk θ=  (2 .92)  
where k f  i s  the magni tude o f the forced wave number  and θ f  is  the inc ident  angle.  In the 
y  axis  d irec t ion the  forced inc ident  ( f) ,  re f lec ted  (r) ,  and t ransmi tted wave numbers 
must  al l  be  the  same because  o f the continuity o f  the acoust ic  pressure  and par t ic le  
ve loc ity  
 .sinsinsin ttrrff kkk θθθ ==  (2 .93)  
Because the re flected wave i s  free ly propagating,  the re flected wave number  i s  equal  to  
the wave number  in medium one,  where the wave phase speed i s  c 1  
 .
1
1 c
kkr
ω
==  (2 .94)  
Because the transmitted wave i s  freely propagat ing,  the transmit ted wave  number  (k t)  
is  equal  to  the wave number  (k 2)  in the second medium where the wave phase  speed is  
c2  
 .
2
2 c
kkt
ω
==  (2 .95)  
the continuity o f  acoustic  pressure and  par t ic le  veloc ity i s  given by 
 ,sinsinsin
2111
trf
f
ccck
k
θ
ω
θ
ω
θ
ω
==  (2 .96)  
 
The wave phase speeds in mediums one and two are given by  
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 .   and      , 
2
2
1
1 k
c
k
c ωω ==  (2 .97)  
Solving for  sinθ t  g ives  
 
.sin
sin sinsin
2
1
2111
2
f
f
f
f
f
f
t
k
k
k
kk
k
k
k
c
c
θ
θ
ω
ωθθ
=
==
 (2 .98)  
 
Solving for  sinθ r  g ives  
 .sinsin
1
f
f
r k
k
θθ =  (2 .99)  
From equat ion (2 .80) ,  the components o f the forced incidence,  re flec ted and  
transmi tted complex par t ic le  veloc it ies ( in the d irec t ion o f  the  x -axis)  are  given by 
 ,
cos
1111 Zk
pk
Zk
xpk
u ffffffx
θ
==  (2 .100)  
and  
 ,
cos
111 Z
p
Zk
pku rrrrxrx
θ
==  (2 .101)  
and  
 .
cos
222 Z
p
Zk
pku ttttxtx
θ
==  (2 .102)  
 
The forced,  re f lected  and transmi tted pressures are  given by 
 .trf ppp =+  (2 .103)  
The components o f the forced,  re f lected and transmitted complex par t ic le  veloci t ies in 
the di rec t ion o f  the  x -axis  are  related  by 
 ,coscoscos ttrrff uuu θθθ =−  (2 .104)  
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because the acoust ic  par t ic le  veloc ity i s  continuous a t  the junct ion o f the two media 
(x=0).  Equat ion (2 .104)  can be wri t ten using equations (2 .100) ,  (2 .101) ,  (2 .102)  as  
 .coscos
cos
2111 Z
p
Z
p
Zk
pk ttrrfff θθθ =−  (2 .105)  
From the mathemat ica l  identi ty,  
 ,1sincos 22 =+ θθ  (2 .106)  
There fo l lo ws  
 .sin1cos 2 ff θθ −=  
(2 .107)  
From equat ion (2 .99) ,  
 .sin1sin1cos 22
1
2
2
f
f
rr k
k
θθθ −=−=  (2 .108)  
From equat ions (2 .107)  and  (2 .98)  cosθ t  i s  found to  be  
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k
θ
θθθ
−=
−=−=
 (2 .109)  
The wave number  that  i s  t ransmi tted through the  junct ion a t  a  par t icular  angle to  the x  
and  y  axis  i s   
 
( ) ( )
,sin,sin1
sin,sin,k
2
2
1
2
2
2
2
1
2
222
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
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




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−==
fff
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fffftytx
k
k
k
k
kk
kkkkk
θθ
θθ
 (2 .110)  
and  the wave number  that  i s  re flec ted from the  junc tion at  a  par t icular  angle to  the  x  
and  y  axis  i s  
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 (2 .111)  
and  the wave number  that  i s  fo rced onto the junction o f  the two media  a t  a  par t icular  
angle i s  
 
( ) ( )
.sin,sin1
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1
2
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
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−==
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ffffffyfxf
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kk
kkkkkk
θθ
θθ
 (2 .112)  
The z -axis component has been omit ted in the above  equations because i t  is  a lways  
zero.  Because the acoust ic  pressure  i s  continuous a t  the junct ion  o f the two  media 
(x=0),  
           .trf ppp =+  (2 .113)  
Equat ion (2 .105)  i s  
 . 
coscoscos
t
2111
p
Z
p
Z
p
Zk
k t
r
r
f
ff θθθ =−  (2 .114)  
Mult iplying equat ion (2 .113)  by 
1
cos
Z
rθ
and add ing equation (2 .114)  gives  
 .
coscoscoscos
12111
t
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
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



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
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


+
θθθθ  (2 .115)  
 
 
Thus the transmi tted pressure ampl i tude  i s  
  .
coscos
coscos
2111
212
f
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rff
t pZkZk
ZkZk
p 





+
+
=
θθ
θθ
 (2 .116)  
Mult iplying equat ion (2 .113)  by 
2
cos
Z
tθ  and subtrac t ing i t  fro m equation (2 .114)  gives  
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
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−
θθθθ  (2 .117)  
 
Thus the re flected pressure  i s  
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[ ] .coscos
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f
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r pZkZk
ZkZk
p
θθ
θθ
+
−
=  (2 .118)  
2.11 Derivation of total and forced intensity for oblique 
incidence. Different Media. 
 
 
In this  sect ion the to ta l  in tens i ty in the fi rs t  medium is calculated .  The transmitted 
intens i ty in the second medium is then ca lculated.  The total  and transmitted intens i ty 
are  found to  be the same.  
The incident  intens i ty in  the d irec t ion o f the x -axis i s  given by 
 ),.Re()( puI xxri =+  
(2 .119)  
where u x   i s  the par t ic le  ve loc ity in the x  d irect ion,  and p  is  the complex conjugate o f 
the pressure .  
Thus  
 [ ] ,  ))((Re)( rfrxfxxri ppuuI +−=+
 (2 .120)  
 
The forced par t ic le  velocity i s   
 ,
11
f
f
f pZk
k
u =  (2 .121)  
and  the forced par t ic le  veloc ity in the x  d irect ion is  
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11
f
fx
fx pZk
k
u =  (2 .122)  
The re f lec ted par t ic le  ve loci ty in  the  x  d irec t ion is   
 
 .
11
r
rx
rx pZk
ku =  (2 .123)  
Thus the intens i ty i s  
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 (2 .124)  
Equat ion (2 .124)  can be  fur ther  s impl i fied.  The  term 
f
r
fx
rx
p
p
k
k
−1  wil l  no w be considered  
From equat ion (2 .118)  
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(2 .127)  
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Evalua ting 







+
f
r
p
p1  gives  
 ,
1
2
1
2
1
2
1
2
Zk
k
kZk
Zk
k
kZk
p
p
txrx
txfx
f
r
+
−
=







 (2 .128)  
because k f x ,  Z 2 ,  k 1 ,  k2 ,  Z 1  are  al l  real  numbers and the co mplex conjugate  of a  real  
number  i s  the real  number .  
The component o f the re f lec ted wave  number  in the x -axis d irec t ion  
 
 , sin1 22
1
2
1 f
f
rx k
k
kk θ−=  (2 .129)  
can be rea l  or  imaginary because f
f
k
k
θ22
1
2
sin  can be greate r  than 1 ,  making the 
numerical  value under  the square roo t  sign negative .  In th is  case the square root  
number  i s  an imaginary number .  
The component o f the transmit ted wave  number  in  the  x -axis direc t ion 
 ,sin1 22
2
2
2 f
f
tx k
k
kk θ−=  (2 .130)  
can be rea l  or  imaginary,  because  the  value under  the square roo t  s ign can be nega tive,  
making the square root  an imaginary number .  
Thus  
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+  (2 .131)  
Hence  put t ing equat ions  (2 .127)  and (2 .131)  together  gives  
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Therefore  the  to tal  in tensi ty in  the  fir st  medium in  the  x -axis direc t ion is   
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(2 .133)  
 
The transmi tted  intensi ty in the second medium in  the  x -axis direc t ion is  g iven by  
 ).Re( ttxtx puI =  
(2 .134)  
The par t ic le  veloci ty transmitted in  the  x  d irec t ion is  given by  
 .
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Thus  
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From equat ion (2 .116)  the transmit ted sound pressure is  
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Thus the modulus squared of the transmitted  sound pressure  i s  
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Thus the transmi tted intens i ty can be  wr it ten as  
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 (2 .139)  
This i s  the same as the inc ident  in tensi ty given by equat ion (2 .133) .  
2.12 Diffuse field incidence. Media the same. Analytical 
calculation of intensity for r  less than or equal to 1. 
 
In this  sect ion the forced transmi tted intens i ty for  di f fuse f ie ld  incidence i s  calcula ted 
and  then normalized.  The average transmi tted intensi ty over  the area  o f a  hemisphere 
of so l id  angle 2π is  ca lculated.  The average forced transmit ted intens i ty is  ca lculated 
and  then normalized.  The three integrals  in th is  equat ion ar e then eva lua ted using 
Gradshteyn and Ryzhik (1980) .  
The di ffuse  fie ld  inc idence case (when the media are  the same) is  now considered.  The 
let ter  r  i s  def ined to  be the ra t io  o f the incident  forced wave number  ( k f) ,  to  the freely 
propagat ing wave number  (k) .  
       .
k
k
r f=  (2 .140)  
Because the media  are  the same  
      ,21 kkk ==  
(2 .141)  
 
         ,Z 21 Z=  
(2 .142)  
and  
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 .r θθθ == t  (2 .143)  
From equat ion (2 .139)  ,  the forced t ransmi tted intensi ty due to  a  fo rced incident  wave  
is  
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 (2 .144)  
From the equal i ty o f  the  y  axis  components  o f the wave numbers  
 ,sinsin θθ kk if =  (2 .145)  
and  
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f r
k
k
θθθ ==  (2 .146)  
The cosine func tions can be eas i ly seen to  be  
 ,sin1sin1cos 222 ir θθθ −=−=  
(2 .147)  
and  
 .sin1cos 2 ii θθ −=  
(2 .148)  
Thus the forced transmi t ted intens i ty is  
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The transmitted  intensi ty o f a  normally inc ident  (θ=0 )  f ree ly propagat ing wave  (r=1 )  
wi l l  be  used to  normalize the forced transmi t ted intens i ty.  
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The e lementa l  str ip  o f sol id  angle between θ i  and θ i+dθ i  i s  g iven by  
 .sin2 iidθθπ=Ω∂  (2 .153)  
 
F igure  2 .3  Graphical  d iagram o f  equ at ion  (2 .258) .  
Thus the sum of  the  transmitted intensi ty over  a l l  angles o f incidence i s   
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0
.sin)(2
π
θθθπ iiit dI  (2 .154)  
The area o f a  hemisphere o f a  so l id  angle i s  2π.  Divide by 2π to  ob ta in the average 
t ransmitted intensi ty over  the  so l id  angle.  
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From equat ion (2 .150)  the transmit ted intens i ty due  to  a  free ly propagat ing incident  
wave i s  
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The average value  over  al l  angles  o f incidence i s  
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The case  when the  ra t io ,  r ,  o f  the  forced  inc ident  wave number  to  the f reely 
propagat ing wave number  i s  no w considered.  From equat ions (2 .150)  and (2 .155) ,  the 
average  o f the transmitted intensi ty due to  a  fo rced incident  wave i s  
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Put  
 , cos ix θ=  (2 .159)  
then 
 ,sin θθ ddx i−=  (2 .160)  
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The integra l  l imi ts  change to  
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 1,cos(0) =  (2 .163)  
and  
 .0)
2
cos( =π  (2 .164)  
Swapping the integrals  l imi ts  because o f the – sinθ conver ts  the  minus sign to  a  p lus 
sign.  The average transmi t ted intens i ty i s  normalized by d ivid ing by the average 
transmitted intensi ty for  a  free ly propagat ing inc ident  wave.   
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Expanding the top l ine o f the integrand gives  
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These three integrals  wi l l  be  eva lua ted individually.  
Put  
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where  
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and  
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The fir s t  in tegral  
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Can be evalua te  us ing integra l  number  2 .264.3 on page 83 of Gradshteyn  and Ryzhik 
(1980)  
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From the integral  2 .261 in  Gradshteyn and Ryzhik (1980) .   
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Put t ing equat ion (2 .173)  into  equat ion (2 .172)  gives  
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Evalua ting this  integra l  between zero and  one.  
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The second integra l  i s  eas i ly evaluated.  
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The third  integral  i s  eva luated using integral  number  2 .262.1 fro m Gradshteyn and 
Ryzhik (1980) .  
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Now 
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Thus  
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Put t ing the three integra ls  toge ther  gives  
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2.13 Diffuse field incidence. Media the same. r  greater than or 
equal to 1. 
 
 
In this  sect ion equation (2 .167)  i s  evalua ted aga in but  wi th di f ferent  l imits  on the 
integral .  From equation (2 .150) ,  i f  r  i s  greater  than or  equal  to  one,  the integral  only 
needs  to  be eva lua te  over  values o f  x  for  which 21sin xi −=θ is  less than or  equal  to  
1/r .  Thus the integra l  only needs to  be eva luated  for  values  when ./11 2 rx <− This 
impl ies that   
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Thus the normal ized  integral  (equation (2 .167))  becomes  
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This in tegra l  can again be sp l i t  in to  three integrals  
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Gradshteyn and Ryzhik (1980)  integra l  number  2 .264.3 i s  used to  evaluate  the 
fo l lo wing three  integra ls  .  The f irs t  integral  i s  equal  to  
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Again,  the  second integral  i s  easi ly evalua ted.  
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Using Gradshteyn and Ryzhik (1980)  integra l  number  2 .262.1,  the third  integra l  i s  
equal  to  
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(2 .187)  
 
Combining the three  integrals  gives the averaged normal ized  intensi ty as  
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2.14 Diffuse incidence when the media are different. In terms 
of Z ,k .  
 
 
In this  sect ion the case  when the two media  have di ffe rent  values  o f Z  and k ,  i s  
considered.  The integra t ion tha t  is  per formed numerical ly to  find the transmitted 
intens i ty over  a l l  angles  is  der ived.  From equat ion (2 .133)  
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Thus  
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From equat ions (2 .110)  to  (2 .112) ,  
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Hence ,  
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and  
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Using 
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  ,cos1sin 22 ff θθ −=  (2 .202)  
gives  
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Integra t ing over  a l l  angles o f  inc idence gives  
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Using 
 ,sin        and cos fff ddxx θθθ −==  (2 .205)  
and  noting tha t  
 ,0)
2
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gives,  a f ter  reversing the l imi ts  in order  to  remove the minus sign from dx=-sinθ fdθ f  
the integral  as  
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This i s  the actual  integrat ion tha t  i s  per formed  numerical ly  to  find the  rela t ive  
transmitted intensi ty over  al l  angles .  
2.15 Summary 
 
As the equations in th is  chapter  are  qui te  co mpl icated ,  in i t ia l ly the case of normal 
incidence i s  considered.  Even in  the  case where the two media  ei ther  s ide o f the 
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junct ion are the same,  there wi l l  be  both a  t ransmit ted and  a  re flected wave.  This  i s  
because in the forced wave case only the medium in which the wave i s  inc ident  wi l l  
be dr iven by the forc ing funct ion.   Fir s t  the one dimensional  wave  equation is  der ived 
and  so lved for  the  case  where the wave propagation in the incident  medium is forced.  
This inc ludes the iner t ia  equat ion which i s  needed for  der iving the relat ionship 
between the pressure and the par t ic le  ve loci ty.  
Next ,  the  case  o f a  normally inc ident  forced wave (when the  media are  t he same) i s  
considered.   The  transmitted and re flec ted sound pressures are  ca lculated.  The incident  
in tens i ty is  then ca lcula ted consider ing both the  incident  wave and the ref lected  wave.  
The transmitted  intensi ty is  a l so  calculated ,  and  for  future use the  intensi ty o f the 
ref lected  wave i f  i t  was  trave ling alone i s  a lso  calculated.  Then the normally inc ident  
case when the two media are  d i f ferent  i s  considered.   The same ca lculat ions as 
previously per formed  are repeated  but  this  t ime wi th  di fferent  va lues  for  the media  
proper t ies on e i ther  side  of the junc tion.   
The obl ique inc idence case  i s  then considered.  I t  i s  shown tha t  the t ransmit ted 
near field  tha t  i s  produced in the case o f to ta l  in ternal  re flec t ion transmits no po wer.  
The acoustical  par t ic le  ve loc ity for  the  obl ique incident  case is  ca lculated fol lowed  by 
the calcula t ions o f t ransmi t ted and  re f lec ted pressures.  Then the incident  and re flected 
intens i t ies are  ca lculated.  The incident  intens i ty  includes both the inc ident  and the 
ref lected  wave.  
The obl ique inc ident  values are  used to  calcula te  the d i ffuse f ie ld  inc idence case by 
averaging over  al l  poss ible  angles o f inc idence.  When the media are  the same this  i s  
done  by ana lyt ica l  integrat ion.    Separate  in tegrals  need  to  be eva lua ted  for  the  case 
when the forced wave number  i s  less than or  equal  to  the  free ly propagating wave 
number  and for  the  case when the forced wave number  i s  greater  than or  equal  to  the 
freely p ropagating wave  number .  For  the d i ffuse  f ie ld  incidence case when the two  
media are  d i f ferent  the equations which have  to  be eva luated numerical ly a re  der ived.  
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Chapter 3  The fluid media sound results 
 
3.1 Introduction 
 
In this  chapter ,  the theoret ica l  resul t s  obtained  in the previous chapter  a re  presented as 
graphs so tha t  the consequences can be easi ly in terpre ted.  In par t icular ,  i t  is  sho wn 
that  the sum of the intensi t ies p ropagated in the direc t ion normal  to  the junc tion by the  
forced incident  and free ly propagating re f lec ted  waves are  no t  equal  to  the transmit ted 
intens i ty.  This is  because the cross  terms in the intens i ty calculat ions do  no t  vanish 
unless  the  inc ident  wave  is  free ly propagat ing.  I t  is  sho wn that  the  intens i ty incident  
on the junct ion is  equal  to  the  transmit ted intens i ty i f  the cross terms are  included.  
Where i t  is  poss ible ,  the  result s  are  graphed in decibe ls.  This i s  no t  a lways  poss ible  
because some of the resul t s  are  zero or  change s ign.  The  resul ts  for  the simpler  case o f  
normal inc idence are  presented f ir st ,  fo l lowed by the ob lique  inc idence case.  The 
result s  for  the when the media on each side  o f the junc tion are the same,  are  presented 
f irs t ,  fo l lo wed by the  case when the media have  di fferent  impedances.  Fina lly for  
oblique inc idence the case when the impedances and  wave numbers (wave speeds)  are  
di f ferent  is  p resented.   
I t  should be noted tha t  a l though the media  are  the same on each s ide o f  the junc tion,  a  
discont inui ty s t i l l  exis ts  because the fo rcing function which genera tes the forced 
incidence wave operates  only in the f ir st  medium and not  in the second medium, on the  
other  side o f the junct ion.  
 
 
 
3.2 Normal incidence, the same media 
 
 
The transmitted  intensi ty is  
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from equations (2 .38)  and (2 .45) ,  where  
 .0cZ ρ=  (3 .2)  
Put  
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For  a  forced inc ident  wave the transmi t ted intensi ty i s  
 
 ).(
2
1)( )(
22
rIr
Z
p
rI ri
f
t +=




 +=  
(3 .4)  
for  a  freely propagating wave ( r=1),  the t ransmit ted intens i ty is  
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The las t  equal i ty occurs because the media are  the same and hence there i s  no re flected 
wave when the inc ident  wave i s  freely propagat ing.  The normal ized transmitted 
intens i ty is  
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Equat ion (3 .6)  i s  sho wn in  Figure 3 .1  in dec ibels .  The freely propagating case is  given 
by r=1.  For  the  r  i s  less than one case,  the  transmit ted  intens i ty i s  less than the 
intens i ty for  a  freely propagat ing incident  wave  (r=1) .This  figure sho ws that  
a t tenuat ion o f a  normally incident  forced wave i s  a t  most  6  dB.  This  i s  more than the 
at tenuat ion o f a  normally incident  f ree ly propagating wave.  I t  should a lso be noted  tha t  
the graph i s  independent  of f requency.  In the r  i s  greate r  than one case the intensi ty o f 
the t ransmitted wave is  greater  than that  for  the  freely p ropagating case when r=1 .   
 
 
F igure  3 .1 :  Th e t r ansmi t t ed  in tensi t y  du e to  a  normal ly in cid en t  fo rced  wave.   
The ra t io  o f  the  transmi t ted (or  to tal)  intens i ty to  the transmi tted intens i ty when the  
incidence wave i s  free ly  propagat ing goes to  inf ini ty when the wave  number  rat io  ( r)  
goes to  inf ini ty because power that  the  forc ing func tion has to  injec t  in to  the f ir st  
medium in order  to  generate  the fo rced inc ident  wave of  constant  ampl i tude  goes to  
inf ini ty as the wave number  ra t io  goes  to  infini ty.  In o ther  words,  i t  is  eas iest  to  
genera te  a  wave wi th  the free ly propagat ing wave number  and beco mes harder  to  
genera te  the wave when i t s  wave number  i s  very di fferent  from the  free ly  propagat ing 
wave number .  
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The incident  intens i ty in  the absence o f  the  re f lected wave  i s ,   
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(3 .7)  
The re f lec ted intens i ty in the posi t ive x  d irect ion in the absence o f the inc idence wave 
is ,  from equat ion (2 .52)  
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For  the freely p ropagating wave  (r=1)  
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The intensi t ies  are  no w normal ized by dividing them by the intensi ty o f the f ree ly 
propagat ing incident  wave  
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From equat ions (3 .8)  and (3 .9)  the normalized ref lected  intensi ty i s  
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From equat ions (3 .4)  and (3 .9)  the normalized transmit ted intens i ty i s  
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Thus the sum of  the  inc ident  and re flec ted intensi t ies (where posi t ive denotes energy 
being propagated in the posi t ive x -axis direc t ion)  i s  given by 
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Note  tha t  equat ion (3 .13)  i s  not  equal  to  the transmitted intensi ty  
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unless  the  inc ident  wave  is  free ly propagat ing ( r=1).  These  normalized intensi t ies are  
shown in Figure 3 .2 .  
Thus the po wer propagated by the  inc ident  and ref lected  waves  cannot be ca lculated  
separately unless the inc ident  wave i s  free ly propagat ing.  The ac tua l  inc ident  po wer  on 
the incidence s ide o f the  junct ion p lane at  x  equa ls 0  can only be  ca lculated as I ( i + r ) (r )  
and  cannot be calculated  as the sum of I i (r )  and I r (r )  unless the incident  wave i s  freely 
propagat ing.  
 
 
F igure  3 .2 :  Th e t r ansmi t t ed ,  re fl ected ,  incid en t  and  su m o f incid en t  and  r e f lec ted  in t ensi t i e s  
due to  a  normal ly inc iden t  fo rced  wave.   
In Figure 3 .2  I i f o r c e d / I i f r e e  i s  the normal ised incident  wave intens i ty ca lculated on i t s  
own,  in  the  absence o f the re flec ted wave.  I r f o r c e d / I i f r e e  is  the  normalised ref lected  wave 
intens i ty propagated in  the posi t ive x  d irect ion.  Hence  i t  i s  a lways  negat ive or  zero.  I f  
these two are added together  to  ob tain  ( I i f o r c e d +I r f o r c e d) /I i f r e e ,  i t  i s  no ted tha t  th is  sum 
does no t  equal  I t f o r c e d / I i f r e e .  This shows that  the intensi ty in the f ir st  medium which 
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must  be equal  to  the intens i ty in the second medium, cannot be ca lcula ted correct ly  by 
consider ing the  forced  inc ident  and re flected wave separa te ly.  
The ra t ios o f the transmitted and re flec ted pressure  to  the forced inc ident  pressure are  
as fo l lo ws.  
From equat ion (2 .27)  
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From equat ion (2 .28)  
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The sum of these two equations i s  
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The transmitted ,  re f lec ted and incidence p ressures  are  graphed in Figure  3 .3 .  
 
F igure  3 .3 :  Th e normal i sed  t ransmi t ted ,  re f lect ed  an d  inciden t  sound  pressures  as  a  fun ct ion  o f 
the  r a t io  r  o f  the  fo rced  in ciden t  wave nu mb er  to  the  f reely p rop agat in g wave n u mber .   
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Figure 3 .3  shows tha t  the transmi t ted pressure i s  less than or  greate r  t han the normal ly 
incident  forced pressure .  
3.3 Normal incidence, different media. 
 
 
From equat ion (2 .156)  for  a  normally inc ident  wave when the two media are  di f ferent  
equat ions  (2 .67)  and  (2 .72)  gives  
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Equat ion (3 .20)  i s  the  same as equat ion (3 .6) .  Thus f igure 3 .1  also appl ies for  normal  
incidence when the media are  d i f ferent .  
3.4 Oblique incidence, same media. 
 
 
From equat ion (2 .156) ,  the average transmitted intensi ty for  the case o f a  free ly 
propagat ing di ffuse incident  f ie ld  i s  
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where p f   is  the  rms sound pressure o f the incident  di f fuse sound field .  The va lue o f 
equat ion (3 .21)  wi l l  be used to  normalize the o ther  values .  
From equat ion (2 .150)  and (3 .21)  
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From equat ion (2 .180)  and (2 .188) ,  the normalized transmi t ted intens i ty due  to  
di f fusely inc ident  forced sound waves when the  media  are  the  same is  given by  
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F igure  3 .4  Th e normal i sed  t ran smi t ted  in t ens i t y  due to  fo rced  p lan e waves  in ciden t  a t  an gles  
o f  in cid ence fro m 0  to  90  degrees  in  15  degree  in crement s .   
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Equat ions (3 .22)  and  (3 .23)  are  graphed in figure 3 .4 .  For  va lues o f r  greate r  than one,  
to ta l  in ternal  re flect ion is  seen to  occur  for  the larger  angles.  The zero values o f 
in tens i ty which occur  because o f to ta l  inte rnal  re f lec t ion are no t  graphed in  figure 3 .4 .  
I t  i s  inte rest ing to  no te tha t  the curves  tend  to  inf ini ty  as the va lue o f  r  for  which to ta l  
in ternal  re flec t ion occurs i s  approached from the  direc t ion o f r  equa ls zero,  excep t  for  
the 90 degree inc ident  case .  The d i ffuse f ie ld  curve  i s  equal  to  0 .5  at  r=0 and tends to  
0 .5  as  r  tends to  inf ini ty .  Thus  for  the di ffuse fie ld  incidence case,  the  forced 
transmitted intensi ty is  less than or  equal  to  the freely p ropagating transmit ted 
intens i ty by at  most  3  dB.  I t  should be noted that  a l l  the curves a re  equal  when r  equals 
zero.  This i s  because the angle o f incidence  cannot  rea l ly be def ined when the inc ident  
forced wave number  is  equal  to  zero .  I t  should be noted tha t  the normalizat ion used in 
f igure 3 .4  i s  d i f ferent  from tha t  used in  figure 3 .1 .  
 
3.5 Oblique incidence, different impedances, same wave 
numbers 
 
From equat ion (2 .203) ,  the normalized transmitted intensi ty,  for  an obl ique ly incident  
plane wave  when the  media are  di f ferent ,  is  given by  
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I f  the wave  numbers o f f reely propagating waves  in the two media are  the same (α=1),  
then equat ion (3 .24)  becomes  
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The r ight  hand s ide o f equation (3 .26)  i s  the same as the r ight  side o f equation (3 .22) .  
Hence  averaging over  a  di f fuse f ie ld  inc idence gives  
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Dividing equat ion (3 .26)  by (3 .21)  gives  
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Dividing equat ion (3 .27)  by (3 .28)  gives  
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Equat ion (3 .29)  i s  the  same as equat ion (3 .22) .  Equation (3 .30)  i s  the same as equat ion 
(3 .23) .  Hence f igure  3 .4  also app lies when the wave numbers o f  the  two media are  the 
same even i f  the character i st ic  impedances are  d i f ferent .  
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3.6 Oblique incidence, different wave numbers 
 
 
For  the case o f d i f ferent  freely propagating wave numbers in  the  two media,  equat ion 
(3 .24)  appl ies.  However  this  equat ion wi l l  be  mul t ip l i ed by two before graphing i t  to  
give  
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This means tha t  the transmitted intensi ty is  normalized by d ivid ing i t  by hal f the 
intens i ty o f a  plane sound wave  wi th the same sound pressure as the incident  plane 
sound wave but  propagating in the second medium. This normal iza t ion i s  used because 
<It (1 )>  cannot  be ca lculated analyt ica l ly.  The freely propagating wave  numbers  in the 
two media  are  di f ferent ,  and thus the integrat ion needs to  be per formed numerical ly in  
th is  case.  The normaliza t ion is  given by equation (3 .21)  ,  excep t  tha t  in th is  case i t  i s  
necessary to  choose which media’s  impedance to  use because they are  now di fferent .  
The normalizat ion is  s imi la r  to  tha t  which can be deduced  from equat ion (3 .28) ,  except  
that  the fac tor  
21 β+ is  no t  used.  The normal ized transmit ted intens i ty i s  p lo t ted as a  
func tion o f the ra t io  r  o f the forced inc ident  wave number  to  the freely propagat ing 
wave number  in the fir s t  medium for  angles o f incidence in  15 degree increments fro m 
0 to  90 degrees.  The ra t io  of the f ree ly propagat ing wave  number  in the f irs t  medium to  
that  in the second medium (α )  i s  g iven the va lues o f ½ or  2 .  The  α  equa ls 1  case is  
covered in the previous sec t ion.  The rat io  o f the  character i st ic  impedance o f the fir s t  
medium to  that  o f  the second  medium (β)  i s  g iven the va lues o f ½,  1  and  2.  The 
result ing graphs are shown in f igure  3 .5  through to  figure 3 .10.  
From equat ion (2 .207)  
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Equat ion (3 .32)  i s  graphed in f igure 3 .11 and f igure  3 .12 where i t  i s  normalized by 
dividing i t  by <I t (1 )>  which i s  the transmi t ted intensi ty due to  a  f ree ly propagat ing 
incident  d i f fuse f ie ld .  This i s  the same normalizat ion as used in  equations (3 .30)  and 
(3 .23) .  The only d i fference i s  tha t  in this  case the integra t ions need to  be per formed 
numerical ly.  
The numer ica l  integrat ions were per formed  in Mat lab using the  “quadgk” quadra ture 
func tion to  per form the integrat ions .  When total  inte rnal  re f lec t ion occurs the integral  
in  equation (3 .32)  needs  only to  be evalua ted from x equals 
2)/(11 αr− to  x  equals 1 .  
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Figure  3 .5  Th e t r ansmi t t ed  in tensi t y  due to  a  p lan e sound  wave in ciden t  a t  an g les  ran gin g f ro m 
0  to  90  degrees  in  15  d egree  increment s .  Th e r esu l t s  ar e  graphed  as  a  funct ion  of th e  r a t io  r  o f  
the  fo rced  incid en t  wave n u mber  to  the  wave nu mb er  o f  a  f reely p ropagat in g wave in  th e  f i r s t  
mediu m.  Th e r a t io  o f  th e  wave nu mber  o f  a  fr eely p ropagat in g wave in  th e  f i r s t  mediu m to  tha t  
in  the  second  mediu m (α )  i s  ½.  The ra t io  o f  the  imp edance o f th e  ch aract er i s t i c  imped ance o f 
the  f i r s t  med iu m to  th at  o f  the  second  mediu m (β )  i s  ½.  
In f igure 3 .5  the local  minima and maxima are  sho wn in the range fro m r  i s  equa l   to  0  
to  2 .  There is  a  minimum of  zero at  90  degree curve .  The 45 and 60 degree curves  have 
loca l  maximums.  The 75  and 90 degree curves have local  minimums.  The s lopes o f  the 
0 ,  15 and 30 degree curves increase from 0 to  2 .  
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Figure  3 .6  Th e t r ansmi t t ed  in tensi t y  due to  a  p lan e sound  wave in ciden t  a t  an g les  ran gin g f ro m 
0  to  90  degrees  in  15  d egree  increment s .  Th e r esu l t s  ar e  graphed  as  a  funct ion  of th e  r a t io  r  o f  
the  fo rced  incid en t  wave n u mber  to  the  wave nu mb er  o f  a  f reely p ropagat in g wave in  th e  f i r s t  
mediu m.  Th e r a t io  o f  th e  wave nu mber  o f  a  fr eely p ropagat in g wave in  th e  f i r s t  mediu m to  tha t  
in  the  second  mediu m (α )  i s  ½.  The ra t io  o f  the  imp edance o f th e  ch aract er i s t i c  imped ance o f 
the  f i r s t  med iu m to  th at  o f  the  second  mediu m (β )  i s  1 .  
In f igure 3 .6 ,  0 ,  15,  and 30 degree curves increase  from 0 to  2 ,  and the  60,  75,  and 90 
degree curves have a  local  minima.  
0
1
2
3
4
5
6
7
8
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
N
or
m
al
is
ed
 In
te
ns
ity
 
r 
0
15
30
45
60
75
90
57 
 
 
Figure  3 .7  The t r ansmi t t ed  in tensi t y  due to  a  p lan e sound  wave in ciden t  a t  an g les  ran gin g f ro m 
0  to  90  degrees  in  15  d egree  increment s .  Th e r esu l t s  ar e  graphed  as  a  funct ion  of th e  r a t io  r  o f  
the  fo rced  incid en t  wave n u mber  to  the  wave nu mb er  o f  a  f reely p ropagat in g wave in  th e  f i r s t  
mediu m.  Th e r a t io  o f  th e  wave nu mber  o f  a  fr eely p ropagat in g wave in  th e  f i r s t  mediu m to  tha t  
in  the  second  mediu m (α )  i s  ½.  The ra t io  o f  the  charact er i s t i c  imped ance o f th e  f i r s t  med iu m to  
that  o f  th e  second  mediu m (β )  i s  2 .  
In f igure 3 .7 ,  the 0 ,  15 and 30 degree  curves al l  have increas ing slopes.  The 45,  60,  75 ,  
and  90 degree curves  al l  have a  local  minima.  The 75 and 90 degree  curves d isplay a  
loca l  maxima between r=1 and r=2.  The 90 degree curves goes to  zero a t  r=2.    
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Figure  3 .8  Th e t r ansmi t t ed  in tensi t y  due to  a  p lan e sound  wave in ciden t  a t  an g les  ran gin g f ro m 
0  to  90  degrees  in  15  d egree  increment s .  Th e r esu l t s  ar e  graphed  as  a  funct ion  of th e  r a t io  r  o f  
the  fo rced  incid en t  wave n u mber  to  the  wave nu mb er  o f  a  f reely p ropagat in g wave in  th e  f i r s t  
mediu m.  Th e r a t io  o f  th e  wave nu mber  o f  a  fr eely p ropagat in g wave in  th e  f i r s t  mediu m to  tha t  
in  the  second  mediu m (α )  i s  2 .  The ra t io  o f  th e  imp edance o f th e  ch aract er i s t i c  imped ance o f 
the  f i r s t  med iu m to  th at  o f  the  second  mediu m (β )  i s  1 /2 .  
In f igure 3 .8 ,  the 0  degree curve displays  an increasing slope.  The 15,  30,  45,  60 and 
75 degree curves have a  loca l  maximum and then  go to  zero.  The 90 degree  curve s lope 
decreases to  zero.  The 15 degree curve  has  i ts  peak around r=1.7 .  The o ther  curves a l l  
have lo wer  values o f r  for  the ir  peak.  The  grea ter  the  angle,  the lower  the r  value for  
which the peak occurs.   
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Figure  3 .9  The t r ansmi t t ed  in tensi t y  due to  a  p lan e sound  wave in ciden t  a t  an g les  ran gin g f ro m 
0  to  90  degrees  in  15  d egree  increment s .  Th e r esu l t s  ar e  graphed  as  a  funct ion  of th e  r a t io  r  o f  
the  fo rced  incid en t  wave n u mber  to  the  wave nu mb er  o f  a  f reely p ropagat in g wave in  th e  f i r s t  
mediu m.  Th e r a t io  o f  th e  wave nu mber  o f  a  fr eely p ropagat in g wave in  th e  f i r s t  mediu m to  tha t  
in  the  second  mediu m (α )  i s  2 .  The ra t io  o f  th e  imp edance o f th e  ch aract er i s t i c  imped ance o f 
the  f i r s t  med iu m to  th at  o f  the  second  mediu m (β )  i s  1 .  
Figure 3 .9  is  very simi la r  to  figure 3 .8  in i t s  appearance.  However  the peaks in the  15,  
30,  45,  60 and 75  degree  curves have a  smaller  value o f  in tensi ty.  The 0  degree curve 
disp lays  an increasing s lope.  The 15 ,  30,  45,  60  and  75 degree curves  display a  
maximum and then they go to  zero  as r  increases .  The 90 degree curve decreases to  
zero.  The 15 degree curve has i t s  peak around r=1.78.  The other  curves  are  a l l  have 
lower  values o f r  for  the ir  peak.  The grea ter  the angle,  the lower  the r  va lue for  which 
the peak occurs.   
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Figure  3 .10  The t ran smi t t ed  in tensi t y  du e to  a  p lan e sound  wave incid en t  a t  angles  ran gin g 
f ro m 0  to  90  degrees  in  15  degree  in crements .  The resu l t s  ar e  graphed  as  a  fun c t ion  of the  
ra t io  r  o f  th e  fo rced  incid en t  wave nu mb er  to  th e  wave nu mb er  o f  a  fr eely p ropaga t ing  wave in  
the  f i r s t  med iu m.  Th e r a t i o  o f  th e  wave  nu mber  o f  a  f reely p ropagat in g wave in  the  f i r s t  
mediu m to  th at  in  th e  seco nd  mediu m (α )  i s  2 .  The  r a t io  o f  the  imp edance o f the  ch arac ter i s t ic  
imped ance o f th e  f i r s t  med iu m to  th at  o f  th e  second  mediu m (β )  i s  2 .  
Figure 3 .10 looks  very much l ike  f igure 3 .9 .  Again the di fference is  tha t  the intens i ty 
is  much lower .  The  0  degree curve disp lays  an increasing s lope.  The 15 ,  30,  45,  60 and  
75 degree curves d isp lay a  maximum and  then  go to  zero.  The  90 degree  curve 
decreases to  zero.  The 15 degree curve  has  i ts  peak around r=1.82.  The other  peaks  al l  
have lo wer  values o f r  for  the ir  peaks.  The grea ter  the  angle,  the lower  the r  value for  
which the peak occurs.   
 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
N
or
m
al
is
ed
 In
te
ns
ity
 
r 
0
15
30
45
60
75
90
61 
 
 
Figure  3 .11  The  t r ansmi t t ed  in tensi t y  du e to  a  fo rced  d i f fuse  inc iden t  sound  f ie ld .  Th e r esu l t s  
ar e  g raph ed  as  a  funct ion  of th e  r a t io  r  o f th e  fo rced  inciden t  wave nu mb er  to  t he  wave nu mb er  
o f  a  f reely p ropagat in g wave  in  the  f i r s t  mediu m.  Alpha i s  equal  to  ½.  Beta  i s  ½,  1  o r  2 .  
For  r=0 the values  in f igure  3 .11 are c lose to  0 .5 .  They increase as r  increases wi th a  
sl ight  minima at  r=1.  For  r  greater  than 1 ,  the va lues are  grea ter  than 1  and have a  
maxima just  belo w r=2 .  
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Figure  3 .12  The  t r ansmi t t ed  in tensi t y  du e to  a  fo rced  d i f fuse  inc iden t  sound  f ie ld .  Th e r esu l t s  
ar e  g raph ed  as  a  funct ion  of th e  r a t io  r  o f th e  fo rced  inciden t  wave nu mb er  to  t he  wave nu mb er  
o f  a  f reely p ropagat in g wave  in  the  f i r s t  mediu m.  Alpha i s  equal  to  2 .  Be ta  i s  ½,  1 ,  o r  2 .  
 
In f igure 3 .12 a l l  the curves have a  maximum a t  about  r=0.5.  The curves fo l lo w 
di fferent  pa ths be low r=0.5.  The l ines are  almost  the  same for  va lues o f r  greate r  than 
0 .5 .  The values are  grea ter  than 1  for  r  less than 1  and less than 1  for  va lues o f r  
greater  than 1 .  
Looking back a t  the ear l ier  graphs,  namely f igure 3 .8  to f igure 3 .10,  the decreas ing 
va lues above r=0.5  are due  to  to ta l  inte rnal  re flect ion or  some of  the angles o f 
incidence.  The behavior  in figure 3 .12 i s  qua li ta t ive ly the opposi te  o f what  happens  
inf igure  3 .11.  In f igure  3 .4 ,  which is  the alpha equals one case,  the d i f fuse f ie ld  va lues 
have a  peak of 1  at  r=1 and  are less than one when r  i s  less than or  grea ter  than 1 .  
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3.7 Summary 
 
In i t ia l ly the case o f a  normal ly incident  wave wi th  the  same medium on ei ther  side  o f the 
junct ion i s  considered.  Note  tha t  t ransmission and re flect ion occur  a t  the junc tion because 
the medium is dr iven by the forcing funct ion on only one side o f the junction.  F igures 
3 .1-3.3  display a  graph of intens i ty versus  the  forced wave number  divided by the  free ly 
propagat ing wave number .   Figure 3 .2  shows the rat io  o f the separa tely calcula ted 
incident  and re f lec ted intensi t ies,  and the intens i ty carr ied by the  combination o f  the 
incident  and re f lec ted waves .  This sho ws tha t  the inc ident  in tensi ty cannot be calcula ted 
by separately ca lculat ing the intens i t ies o f the forced and re flec ted waves.  F igure 3 .3  
shows the values o f  the  incident  and re f lec ted transmit ted pressures .  Then the case o f  a  
normal ly incident  wave wi th  di fferent  media on ei ther  side  o f the junct ion is  considered.   
Next ,  the  case  o f an ob lique  inc idence wave i s  considered when the media on e i ther  side 
of the junc tion are the same.  A graph of  in tensi ty versus r  is  produced  sho wing the 
incident  angles o f  0 ,  15,  30,  45,  60,  75,  and 90 degrees.  The obl ique inc idence wave i s  
again considered but  wi th d i f ferent  impedances on ei ther  side o f the junction.  The same 
wave numbers are  on e i ther  s ide o f  the  junc tion.  Again the  obl ique incidence wave case i s  
considered but  this  t ime  wi th di fferent  wave numbers  on ei ther  s ide o f  the junc tion.  
Figures  3 .5 -3.12 a re produced.  They show the normal ised intensi ty versus r .  The graphs 
disp lay l ines sho wing the inc ident  angles o f 0 ,  1 5,  30,  45,  60,  75 ,  and 90  degrees.  The 
graphs sho w every poss ible  combina tion o f  (α= (k1 /k2) )  equal  to  0 .5 ,  1  or  2 ,  and (β=  
(Z1/Z2))  equal  to  0 .5 ,  1  or  2 .  
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Chapter 4  The transmission of bending waves between two 
panels at a pinned joint. 
 
 
 
4.1 Introduction 
 
In this  chapter ,  the bending wave intens i ty transmit ted a t  the p inned l ine  junct ion o f two  
inf ini te  hal f  p la tes,  when a  forced  bending wave  is  inc ident  on the l ine  junc tion,  i s  
calcula ted.  The normal ly incident  case i s  considered fi rs t ,  fo l lo wed by the obl ique 
incident  case.  Then the case o f a  di f fuse  inc ident  vibrat ion field  i s  considered.  Final ly,  
the case when the incident  vibrat ion field  i s  exc i ted by a  di f fuse  acoust ic  f ie ld  i s  stud ied.  
 
 
 
4.2 The transmitted and reflected wave equations for normal 
incidence with a freely propagating incident wave. 
 
 
Two ha l f inf ini te  fla t  p lates lying in the y=0 plane,  are  r ig idly connec ted at  a  pinned  
joint  a long the  z -axis ( see figure 4 .1) .  A free ly propagat ing transverse bending wave in 
plate  one moving in the posi t ive  x  d irec t ion i s  incident  normally on the z  axis .  Four  
th ings need to  be found.  What a re  the ra t ios o f  the  ampl i tudes o f the  propagat ing 
ref lected  wave (r) ,  the near field  re flected wave ( r j) ,  the  propagating transmitted wave 
( t)  and the near f ield  transmitted wave ( t j)  to  the  ampl i tude  o f the freely propagat ing 
incident  wave .  These  four  unkno wns wi l l  now be found using much subst i tu t ion,  
d i f ferentiat ion and s imultaneous  equations.  
Two ha l f inf ini te  pla tes jo ined r igidly at  a  junction are be ing considered .  They are 
r igid ly connected a t  a  p in joint .  The plates may rotate  about  the pin joint .  However  
they are const rained by the pin  to  have zero transverse veloci ty a t  the joint  ( they 
cannot move up and  down a t  the joint) .  The two plates  are  in l ine  wi th each ot her .  
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Plate  1  i s  in the ha l f inf ini te  plane y=0,  and x  i s  less than or  equal  to  zero.  P late  2  is  in 
the ha l f infini te  plane y=0 and x  i s  greater  than or  equal  to  zero .  The two plates are  
jo ined at  x=0 and y=0.  Please  see  the  diagram below.  
 
 
 
 
 
 
 
 
 
F igure  4 .1  P la te  1  and  P la t e  2 .  
I t  i s  assumed that  the osci l la t ions o f the p la te  var iables  have an angular  frequency of  
ω. Thus their  var ia t ion wi th  t ime t  i s  proport ional  to  tje ω .  This  fac tor  wi l l  be omit ted  
from the equations.  A plane bending wave wi th t ransverse ve loci ty ampl i tude +1v  is  
incident  normal ly on the  junct ion be tween the two plates ( z -axis)  from p late  1  (x  is  less 
than or  equal  to  zero) .  
The ra t ios o f the  ampl i tudes o f  the  propagating ref lected  wave,  the near f ield  re f lec ted 
wave,  the p ropagating transmi t ted wave  and the near field  transmit ted waves  to  the 
ampli tude o f  the forced incident  waves,  are  r ,  r j ,  t ,  t j  respect ively.  Also  k 1  and k 2  are  
the freely bending propagating wave numbers o f  the two p lates.  The  to tal  ve loc it ies v y 1  
and  vy 2  in p lates 1  and 2  are  g iven by equat ion 6 .14 of  Cremer et  al .  (2005)  as    
 ( ) ,0   )( 11111 ≤++= + xerreevxv xkjxjkx-jky  (4 .1)  
and  
 ( ) .0      )( 2212 ≥+= −−+ xettevxv xkjxjky  (4 .2)  
x 
z 
Plate 1 Plate 2 
y 
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At the junct ion o f the p lates (y=0 ,  x=0 ) ,  x  is  zero in equation (4 .1)  and  (4 .2)  and the 
ve loc it ies o f the two p la tes beco me  
 0,  )1()0( 11 ≤++= +  xrrvv jy  (4 .3)  
and  
 .0    )()0( 12 ≥+= + xttvv jy  (4 .4)  
Because the boundary i s  p inned the ve loc it ies (v y 1(0)  and  vy 2(0))  are  equal  to  zero  at  
x=0.  Thus  
 .01 =+=++ jj ttrr  (4 .5)  
From Cremer e t  a l .  (2005)  equat ion 3 .69  
  
 ,
x
v
w yz ∂
∂
=  
(4 .6)  
where w z i s  the angular  ve loc ity o f  the  pla te  about  the  z  axis .  By applying equat ion 
(4 .6)  to  equat ions (4 .1)  and  (4 .2)  we have the fo l lo wing equat ions  
 0,       )( 111 1111 ≤++−=
−
+ xerkrejkejkvw
xk
j
xjkxjk
z  
(4 .7)  
and  
 0.     )( 22 221 ≥−−=
−−
+ xetktejkvw
xk
j
xjk
z  
(4 .8)  
At x=0,  equat ions (4 .7)  and  (4 .8)  become 
 ),( 1111 jz rkrjkjkvw ++−= +  (4 .9)  
and  
 ).( 221 jz tktjkvw −−= +  (4 .10)  
Because the two p la tes a re  r ig idly connec ted at  x=0  the angular  ve loc ity given by 
equat ions  (4 .9)  and  (4 .10)  must  be equal .  Therefore 
 
 
.22111 jj tktjkrkrjkjk −−=++−  (4 .11 )  
The angular  moment per  unit  length about  the z  axis  i s  g iven by Cremer et  al .  (2005)  
equat ion 3 .77  
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 .
x
wB
t
M zz
∂
∂
−=
∂
∂
 (4 .12)  
Since  Mz  var ies wi th t ime t  as  e j ω t ,  equa tion (4 .12)  gives the fo l lo wing equation for  the 
angular  moment  
 .
x
w
j
BM zz ∂
∂
−=
ω
 (4 .13)  
.  
The plate  1  moment  is  g iven by 
 
.0           when             )( 111 21
2
1
2
11 ≤+−−−=
∂
∂
−=
−
+ xerkrekekvj
B
x
w
j
BM
xk
j
xjkxjk
z
z
ω
ω
 
(4 .14)  
Thus  
 .0               when
111 2
11
2
11
2
11
1 ≤







−+=
−
+ xj
erkB
j
rekB
j
ekBvM
xk
j
xjkxjk
z ωωω
 (4 .15)  
The plate  2  moment  is  g iven by 
 .0    hen                w)( 22 22
2
21 ≤+−−=∂
∂
−= −−+ xetktekvj
B
x
w
j
BM xkj
xjkz
z ωω
 
(4 .16)  
Thus  
 .0           when               
22 2
22
2
22
1 ≥







−=
−−
+ xj
etkB
j
tekBvM
xk
j
xjk
z ωω
 (4 .17)  
 
At the junct ion (x=0),  the moments  o f plate  1  and 2,  given by equations (4 .15)  and 
(4 .17)  are  equal .  Hence  
 ,
2
22
2
22
1
2
11
2
11
2
11
1 







−=







−+ ++ ωωωωω j
tkB
j
tkBv
j
rkB
j
rkB
j
kBv jj  (4 .18)  
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 .211
2
22
2
22
2
11
2
11 kBtkBtkBrkBrkB jj −=+−−  (4 .19)  
 
 .  and  )1( ttrjr j −=−−=  
(4 .20)  
Now using equation (4 .20) ,  r j  and t j  are replaced  in equation (4 .19)  to  give  
 
 .22 211
2
22
2
11
2
11 kBtkBrkBkB −=−+  
(4 .21)  
Divide equat ion (4 .21)  by 211kB .  
 .1221 2
11
2
22 −=−+ t
kB
kBr  (4 .22)  
Define  
 .2
11
2
22
kB
kB
=ψ  (4 .23)  
.  
Cancel ing out  the 2 ’s  gives  
 .1−=− tr ψ  (4 .24)  
The above  equation wi l l  be used as one o f the simul taneous equations.  
Rearranging equation (4 .11)  gives  
 .12211 jktktjkrkrjk jj =+++  (4 .25)  
Substi tut ing equat ion (4 .20)  into  the  above equation (4 .25)  gives  
 .122111 jktktjkrkkrjk =−+−−  
(4 .26)  
.  
Dividing by k1  gives  
 .1)()1(
1
2
1
2 +=−+− jt
k
k
k
kjrj  (4 .27)  
κ i s  def ined to  be k 2 /k 1   
Thus equat ion (4 .27)  becomes  
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 .1)1()1( jtjrj +=+−++− κ  (4 .28)  
Dividing (4 .28)  by j+−1 and mul t iplying the denominator  and  the  numera tor  by the 
complex conjugate  j−−1 gives  
 .
1
1
1
1
j
j
j
jtr
−−
−−
+−
+
=+κ  (4 .29)  
and  
 .jtr −=+κ  (4 .30)  
Now there  are  four  unknowns ( t ,  t j ,  r ,  r j)  and  four  equat ions to  so lve them. They wi l l  
be so lved us ing four  simul taneous  equations.  
Equat ion (4 .30)  minus  (4 .24)  i s  
 .1+−=+ jtt ψκ  (4 .31)  
.  
Solving for  t ,  the t ransmitted wave i s  
 ,1
ψκ +
−
=
jt  (4 .32)  
and  the transmi t ted near f ield  i s  
 .1
ψκ +
+−
=
jt j  (4 .33)  
Rearranging equation (4 .30)  gives us the re flected wave  
 .tjr κ−−=  (4 .34)  
Substi tut ing the va lue o f t  that  has  just  been found in equation (4 .32)  into  equat ion 
(4 .34) ,  gives  
 .)1()(
ψκ
κ
ψκ
ψκ
+
−
−
+
+−
=
jjr  (4 .35)  
.  
and  
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 .
ψκ
ψκ
+
+
−=
jr  (4 .36)  
Thus the re flected near f ield  i s   
 .)1(
ψκ
ψ
+
+−
=
jrj  (4 .37)  
 
4.3 Derivation of wave numbers for the obliquely incident 
forced wave case.  
 
 
In this  sect ion,  the wave  number  equat ions ( (6 .142b) ,  (6 .142c) ,  (6 .142d) )  fro m Cremer 
et  al .  (2005)  a re  der ived .  Equat ion (6 .142a)  i s  a l so  presented.  
A s ingle frequency,  f ree ly propagating bending wave in a  p la te  sa t i s f ies  the two 
dimensional  homogeneous bending wave equat ion.  From eq uation (3 .184a)  o f Cremer e t  
al .  (2005) ,  this  i s  
 ,0
2
4 =−∇ yy vB
mv ω  (4 .38)  
where the equation has been di fferentiated  wi th  respect  to  the t ime t .  vy  is  the  
transverse veloc ity o f the pla te  in the di rec t ion of the y  axis  in f igure 4 .1.  ω i s  the 
angular  f requency,  m  i s  the mass per  uni t  area and B  i s  the bending st i f fness o f the 
plate .  
Assume that  there  i s  a  p lane bending wave  in the pla te .  Rota te  the x  and  the z  axes so  
that  the x -axis  points  in the di rec t ion o f  propagation o f the p la te  and so  tha t  the 
proper t ies o f the plane bending wave do  not  vary in the z -axis d irect ion.  Then equation 
(4 .38)  becomes  
 .0
2
4
4
=−
∂
∂
yy vB
mv
x
ω
 
(4 .39)  
Let   
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 ,)( jkxyy evxv
−=  (4 .40)  
where k  i s  the wave number  o f the freely propagating p lane bending wave in the p late .  
Then put t ing equation (4 .40)  into  equation (4 .39)  gives  
 .
2
4
B
mk ω=  (4 .41)  
Thus equat ion (4 .38)  can be wr i t ten as  
 .044 =−∇ yy vkv  (4 .42)  
Since,  in Car tesian co -ordinates  
 ,2
2
2
2
2
zx ∂
∂
+
∂
∂
≡∇  (4 .43)  
equat ion (4 .42)  can be  wr i t ten as  
 ,04
2
2
2
2
2
=−





∂
∂
+
∂
∂
yy vkvzx
 (4 .44)  
or  
 .02 44
4
22
4
4
4
=−
∂
∂
+
∂∂
∂
+
∂
∂
y
yyy vk
z
v
zx
v
x
v
 
(4 .45)  
Equat ion (4 .40)  become 
 ,)x( xk.jyy evv
−=  (4 .46)  
where,  
 ( ),,k zx kk=  (4 .47)  
and  
 ( ).,x zx=  (4 .48)  
Equat ion (4 .46)  can be  wr i t ten as  
 ( ).),( zkxkjyy zxevzxv
+−=  (4 .49)  
Put t ing equat ion (4 .49)  into  equation (4 .45)  gives  
 ,02 44224 =−++ kkkkk zzxx  (4 .50)  
or  
72 
 
 ( ) .4222 kkk zx =+  (4 .51)  
Therefore  
 ,222 kkk zx ±=+  
(4 .52)  
Thus  
 .22 zx kkk −±±=  
(4 .53)  
There a re  four  possib le  va lues o f kx .  
 ,22 zx kkk −±=  
(4 .54)  
and  
 .22 zx kkjk +±=  
(4 .55)  
For  a  p lane wave which is  ob liquely inc ident  on the junct ion o f the two plates  at  an 
angle o f  θ i  r e lat ive to  the posi t ive d irec t ion o f the posi t ive x -axis f rom plate  1 ,  wi th 
forced wave number  k i ,  
 .sin iizi kk θ=  (4 .56)  
Also  
 ,coscos 1 iaiixi kkk θχθ ==  (4 .57)  
where  
 .
1k
ki
a =χ  (4 .58)  
In order  to  mainta in continui ty o f angular  ve loci ty and angular  momentum at  the 
junct ion be tween the two plates,  a l l  r e flected and transmi tted waves mus t  have the 
same var iabi l i ty in the z -axis direc t ion as the incidence wave,  namely  
 ( ) .sin iizi jkjk eezE θ−− ==  (4 .59)  
Thus  
 ,sin12 iizzz kkkk θ===  
(4 .60)  
where 2 ,  1  and i  deno te the t ransmi tted,  re f lected and inc idence waves.  
73 
 
Since the re f lected  waves propagate  or  decay in the negat ive x  d irect ion,  the 
propagat ing re f lected  wave has a  k x  value given by  
 .sin1sin 221
222
11 iaiixx kkkkk θχθ −=−+==−  
(4 .61)  
Note  tha t  th is  i s  only a  propagat ing wave i f  
 .sin1 iikk θ>  (4 .62)  
I f  
 ,sin1 iikk θ<  (4 .63)  
the re f lected  wave becomes a  non-propagat ing near  fie ld  wave.  
I f  the inc idence wave is  a  free ly propagat ing wave  
 .1 ri kkk ==  (4 .64)  
And θ i  wi l l  be denoted by θ 1 .  
Equat ion (4 .60)  gives  
 ,sin 1112 θkkkk zzz ===  
(4 .65)  
and  equation (4 .61)  gives  
 .cossin1 111
2
11 θθ kkkk xx +=−+==−  
(4 .66)  
Thus  
 .cos 111 θjkjkjk xx ==−  (4 .67)  
Denot ing the angle o f  re f lec t ion relat ive to  the d irec t ion o f  the  posi t ive x-axis by θ r  
gives  
 ,coscos 1
1
θθ −==
k
kx
r  
(4 .68)  
and  
 .sinsin 1
1
1 θθ ==
k
kz
r  
(4 .69)  
Hence  
 .1θπθ −=r  
(4 .70)  
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Not ice tha t  the angle is  in  rad ians for  the case o f a  freely propagat ing incident  wave .  
 
 
 
 
 
 
 
 
 
 
F igure  4 .2  The an gle  o f  r e fl ect ion  equ als  the  an gle  o f  incid ence for  a  f reely p ropagat in g wave .  
Th e posi t i ve  y-axis  po in t s  ve r t i ca l l y  ou t  o f  the  page .  
 
 
Figure 4 .2  shows tha t  the re flec ted angle defined in the usual  way i s  equal  to  the  
incident  angle  i f  the inc ident  wave i s  a  freely propagat ing one.  
The re f lec ted decaying near field  sound f ie ld  has  
 ,221 zix kkjk +=  
(4 .71)  
and  
 
,sin1
.
22
1
1
ia
xN
k
jkk
θχ+=
−=
 (4 .72)  
where 
1k
ki
a =χ  .  I f  the inc ident  wave i s  freely propagat ing  
 ,sin1 1
2
11 θ+= kkN  
(4 .73)  
This i s  equat ion (6 .142c)  of  Cremer  et  al .  (2005) .  
θ i  =θ 1 =π -θ r  
x  
z 
θ i=θ 1  
θ i=θ 1  
Inciden t  Wave  
Refl ect ed  Wave  
θ r=π -θ 1  
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The propagating transmi tted wave has  
 
,sin 2221
22
22
ia
ztxx
k
kkkk
θχκ −=
−==
 (4 .74)  
where 
1
2
k
k
=κ .  This i s  equation (6 .142b)  o f Cremer e t  a l .  (2005) .  I f  the inc ident  wave  
is  f ree ly propagat ing,  
 .sin   and      ,1 1
22
121i θκθθχ −=== kk xa  
(4 .75)  
Simi lar ly to  the re f lected wave ,  th is  t ransmi t ted  wave  i s  only a  propagat ing wave i f  
 .sin2 iikk θ>  (4 .76)  
I f  
 ,sin2 iikk θ<  (4 .77)  
to ta l  in ternal  re flect ion occurs and the transmi tted  wave beco mes a  non-propagat ing 
near  fie ld  wave.  
I f  the inc ident  wave i s  a  freely propagating wave and i f  the transmitted  freely 
propagat ing wave trave ls a t  an angle o f θ 2  ,  re la t ive to  the  direct ion o f the posi t ive x -
axis,  
 .sinsin 111222 θθ kkkk zz ===  
(4 .78)  
This i s  Sne ll s  law and equation (6 .142a)  o f  Cremer e t  al .  (2005) .  The transmit ted 
decaying near f ie ld  wave  has  
 ,222 2zx kkjk +−=  
(4 .79)  
and  
 
.sin 2221
2
ia
xN
k
jkk
θχκ +=
=
   (4 .80)  
I f  the inc ident  wave i s  f reely propagating,  
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 ,sin 1
22
12 θκ += kkN  
(4 .81)  
This i s  equat ion (6 .142d)  of  Cremer  et  al .  (2005) .  
4.4 The angular velocity and the torsional moment for the 
obliquely incident wave case.  
 
 
The transverse bending wave veloc it ies in plates 1  and  2 are  
 ( ) ,0  )( 11111 ≤++= −+ xerreezEvv xkjxjkxjky Nxx  (4 .82)  
and  
 ( ),)( 2212 xkxjky Nx tetezEvv −−+ +=  (4 .83)  
where v 1 + i s  the rms velocity o f  the forced incident  wave.  At  x=0,  equations (4 .82)  and 
(4 .83)  are  zero because  of the p inning.   
 
 ,01 =++ jrr  (4 .84)  
and  
 .0=+ jtt  (4 .85)  
The angular  ve loc it ies about  the  z -axis in plates  1  and 2  are   
 ,
x
v
w yz ∂
∂
=  
(4 .86)  
as given in equat ion (4 .6)  and in equation (3 .69)  of  Cremer  et  al .  (2005) .  
Thus  
 ( ) ,0     )( 11111 ≤++−= −+ xerkrejkejkzEvw xkjNrxjkxrxjkxiz Nxx  (4 .87)  
and  
 ( ) .0    )( 22 2212 ≥−−= −−+ xetktejkzEvw xkjNxjkxz Nx  (4 .88)  
At x=0,  equat ions (4 .87)  and (4 .88)  are  equal  to  each o ther  because o f  cont inui ty.  
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Thus  
 .22111 jNxjNxx tktjkrkrjkjk −−=++−  (4 .89)  
This i s  equat ion (4 .11) ,  wi th  the  fir s t  k 1  rep laced wi th k x 1  ,  the second k 1  replaced  wi th 
kx 1 ,  the thi rd  k 1  rep laced  wi th k N 1 ,  the f i r st  k 2  replaced  wi th kx 2  and the second k 2  
replaced wi th k N 2 .  
The angular  ve loc ity about  the  x -axis i s  
 .w
z
vy
x ∂
∂
−=  
(4 .90)  
Cremer e t  a l .  (2005)  po ints out  in sec t ion 6 .7 .2 .2  that  th is  gives  
 yzx vjk=w  (4.91)  
Equat ion (4 .91)  means tha t  the angular  velocity about  the x -axis is  completely 
determined by the  values o f the o ther  var iab les.  
Since a l l  the kz ’s  are  the  same on bo th sides o f  the z -axis junct ion and  the veloci t ies vy  
on each s ide o f the junc t ion are  equal  a t  the junc tion,  the wx ’s  are  a lso equal  on bo th 
sides  o f the junct ion (where x=0 and  y=0) .  
Equat ion (4 .13)  o f  the p revious sec t ion can be writ ten as  
 .2
2
x
v
j
BM yz ∂
∂
−=
ω
 (4 .92)  
For  an ob liquely inc ident  wave this  has to  be modified  to  ( see  Cremer e t  al .  (2005)  
equat ion (6 .144b)) .  
 ,2
2
2 







∂
∂
+
∂
∂
−=
z
v
x
v
j
BM yyxz µω
 (4 .93)  
where µ i s  Poisson’s rat io .  The term conta ining i t  appears because the Poisson 
expansion and  cont rac t ion in the x  -axis d irec t ion due to  wave propagat ion in the z -axis 
direc t ion genera tes a  moment about  the z -axis.  
Equat ion (4 .93)  becomes  
 .22
2








−
∂
∂
−= yz
y
xz vkx
v
j
BM µ
ω
 (4 .94)  
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For  the pinned joint  case being considered here,  when x=0,  vy=0.  Thus equation (4 .94)  
reduces to  
 ( ) ( ).00)0( 2
2
x
w
j
B
x
v
j
BM zyxz ∂
∂
−=
∂
∂
−=
ωω
 (4 .95)  
Because o f cont inui ty o f  Mx z  a t  x=0 ,  
 ( ) ( ).00 2211 x
wB
x
wB zz
∂
∂
=
∂
∂
 (4 .96)  
Different ia t ing equations (4 .87)  and (4 .88)  wi th respect  to  x  gives  
 ( ) ,0    )( 11 2 12121111 ≤+−−=∂
∂ −
+ xerkrekekzEvBx
wB xkjN
xjk
x
xjk
xi
z Nxxi  (4 .97)  
and  
 ( ) .0   )( 22 2 2221222 ≥+−=∂
∂ −−
+ xetktekzEvBx
wB xkjN
tjk
x
z Nx  (4 .98)  
Combining equat ions (4 .97)  to  (4 .98)  gives  
 ( ) ( ).22222 12121 jNxjNxxi tktkBrkrkkB +−=+−−  (4 .99)  
 
Cremer e t  a l .  (2005)  equation (6 .144a)  gives the tors iona l  moment per  unit  length as  
 
( ) ( ) ( ) .111
2
zz
y
zxx k
B
x
v
kB
zx
v
j
BM ω
ω
µ
ω
µ
ω
µ −
−=
∂
∂−
−=
∂∂
∂−
=  (4 .100)  
This sho ws that  the torsiona l  moment per  uni t  length i s  co mple te ly de termined by the 
va lues o f the o ther  var iables.  
Although not  used  here  because the joint  i s  p inned,  i t  i s  worthwhi le  no ting that  
equat ions ,  (3 .148e)  and (6 .144c)  o f Cremer et  a l .  (2005)  give the shear  force per  unit  
length ac t ing on a  plane  normal to  the x -axis as  
 








−
∂
∂
=
∂
∂
−
∂
∂
−=
zz
y
zzxz
x
wk
x
v
j
B
z
M
x
MQ
2
3
3
ω
 
(4 .101)  
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Because o f the appearance o f the third  par t ia l  der ivat ive o f  v y  wi th respect  to  x ,  Qx  is  
independent  o f the o ther  var iab les.  
From equat ion (6 .145)  o f Cremer et  a l .  (2005) ,  the externa l  support ing o r  reac t ion 
force per  uni t  length at  a  boundary is  
 
( )
( ) .2
2
2
3
3
2
3
3
3








−−
∂
∂
=








∂∂
∂
−+
∂
∂
=
∂
∂
+=
zz
y
yyxx
x
wk
x
v
j
B
zx
v
x
v
j
B
z
MQF
µ
ω
µ
ω
 (4 .102)  
Note  tha t  Cremer e t  a l .  (2005)  have the wrong sign in front  o f the par t ia l  der iva t ive o f 
the to rs iona l  moment Mx x  and d i fferentiate  i t  wi th respect  to  x ,  ra ther  than z  as  in their  
ear l ier  edi t ions.  
4.5 Derivation of the transmitted and reflected waves for 
obliquely incident freely propagating waves. 
 
 
I f  the inc ident  wave i s  f reely propagating,  k x i=k x 1 ,  and  θ i =θ 1 .  Equations (4 .89)  and 
(4 .99)  become  
 ( ) ,1 2211 jNxjNx tktjkrkrjk −−=+−−  (4 .103)  
and  
 ( )[ ] [ ].1 2 22222 1211 jNxjNx tktkBrkrkB +−=++−  (4 .104)  
Equat ions (4 .84) ,  (4 .85) ,  (4 .103)  and (4 .104)  agree wi th  equation (6 .146)  of  Cremer  et  
al .  (2005) .  
Using equat ions  (4 .84) ,  (4 .85)  in equat ions (4 .103)  and (4 .104)  gives  
 ( ) ( ) ,112211 NxNxNx kjktkjkrkjk +=−+−  (4 .105)  
and  
 
 
( ) ( ) ( ).2 12112 22222 1211 NxNxNx kkBtkkBrkkB +−=+−+  (4 .106)  
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From equat ions (4 .66)  and (4 .73) .  
 ( ) .2sin1cos 211212212 121 kkkk Nx =++=+ θθ  (4 .107)  
From equat ions (4 .75)  and (4 .81)  
 ( ) .2sinsin 212122122212 222 kkkk Nx κθκθκ =++−=+  (4 .108)  
Inser t ing equations (4 .107)  and (4 .108)  into  equation (4 .106)  gives  
 ,1−=− tr ψ  (4 .109)  
where  
 .2
11
2
222
1
2
kB
kB
B
B
== κψ  (4 .110)  
Note  tha t  equat ion (4 .109)  i s  the same as equation (4 .24) .  
Using equat ion (4 .109)  to  replace r  in equation (4 .105)  gives  
 ( ) ( ).
2
1212
1
NNxx
x
kkkkj
jkt
ψψ +−+
=  (4 .111)  
Also  
 
( ) ( )
( ) ( ) .1212
1221
NNx
NNxx
kkkkj
kkkkjr
ψψ
ψψ
+−+
++−
=  (4 .112)  
Substi tut ing equat ion (4 .109)  into  equation (4 .84)  gives  
 .trj ψ−=  (4 .113)  
Combining equat ions (4 .111)  and (4 .113)  gives  
 ( ) ( ).
2
1212
1
NNxx
x
j kkkkj
kjr
ψψ
ψ
+−+
−
=  (4 .114)  
Combining equat ions (4 .85)  and (4 .111)  gives  
 ( ) ( ).
2
1212
1
NNxx
x
j kkkkj
jkt
ψψ +−+
−
=  (4 .115)  
 
 
1
22
1
2
11
22
1
sinsin1)cossin(
cos2
θκθψθψθκ
θ
+−+−+−
=
j
jt  (4 .116) 
This equation i s  the same as equation (6 .147a)  o f Cremer et  a l .  (2005)  apar t  from a 
di fference in sign which ar i ses from the  fac t  tha t  in p la te  2 ,  the posi t ive  y -axis 
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direc t ion o f  th is  thes is  i s  t ransformed to  the negative x -axis di rec t ion in Cremer e t  a l .  
(2005)  because  this  thes is  considers a  straight  pinned  junc tion whi le  Cremer e t  al .  
(2005)  consider  a  r ight  angle p inned junc tion.  
 
 .
sinsin1)cossin(
sinsin1sincos
1
22
1
2
11
22
1
22
1
2
1
22
1
θκθψθψθκ
θκθψθκθψ
+−+−+−
++++−−
=
j
jj
r  (4 .117) 
Again this  i s  the same as equat ion (6 .147b)  o f  Cremer e t  a l .  (2005) .  
 
 .
sinsin1)cossin(
cos2
1
22
1
2
11
22
1
θκθψθψθκ
θψ
+−+−+−
−
=
j
jrj  (4 .118) 
 
 .
sinsin1)cossin(
cos2
1
22
1
2
11
22
1
θκθψθψθκ
θ
+−+−+−
−
=
j
jt j  (4 .119) 
 
 
 
 
4.6 Obliquely incident forced waves 
 
Substi tut ing equat ions  (4 .66) ,  (4 .73) ,  (4 .75)  and  (4 .81)  in to  equations (4 .111) ,  (4 .112) ,  
and  (4 .114) ,  g ives the fo l lo wing equat ions.  Put t ing θ 1  equa l  to  zero  reduces  these  
equat ions  to  the equat ions (4 .32) ,  (4 .33) ,  (4 .36)  and  (4 .37) .  
 
The obl ique ly incident  wave i s  assumed to  be a  forced wave  wi th a  wave number  o f  k i .  
Using equat ions  (4 .84)  and (4 .85)  in equations (4 .89)  gives  
 ( ) ( ) ,12211 NxiNxNx kjktkjkrkjk +=−+−  (4 .120)  
and   
 ( ) ( ) ( ).2 1212 22222 1211 NxiNxNx kkBtkkBrkkB +−=+−+  (4 .121)  
From equat ions (4 .61)  and (4 .72)  
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 .2sinsin 21
222
1
222
1
2
1
2
1 kkkkkkk iiiiNx =++−=+ θθ  
(4 .122)  
From equat ions (4 .74)  and (4 .80)  
 ,22 21
22
2
2
2
2
2
2
2
2
2
2
2
2
2 kkkkkkkk zzNx κ==++−=+  
(4 .123)  
where 
1
2
k
k
=κ .  
From equat ions (4 .57)  and (4 .72)  
 ( ).1
sincos
22
1
222
1
222
1
2
a
iiiiNxi
k
kkkkk
χ
θθ
+=
++=+
 
(4 .124)  
Using equat ions  (4 .122) ,  (4 .123)  and (4 .124)  in  equat ion (4 .121)  gives  
 
( ).
2
1 2atr χψ +−=−  (4 .125)  
When the inc ident  wave is  f ree ly propagat ing ,1=aχ  and equat ion (4 .125)  agrees wi th  
equat ion (4 .109) .  
Substi tut ing equat ion (4 .125)  into  equation (4 .120)  gives  
 
( ) ( )( )
( ) ( ) .
2/1
2211
2
111
NxNx
aNxNxi
kjkkjk
kjkkjkt
−+−
+−++
=
ψ
χ
 (4 .126)  
Substi tut ing equat ion (4 .126)  into  equation (4 .125)  gives  
 
( ) ( )( )
( ) ( ) .
2/1
2211
2
221
NxNx
aNxNxi
kjkkjk
kjkkjkr
−+−
+−−+
=
ψ
χψ
 (4 .127)  
From equat ions (4 .85)  and (4 .126)  
 
( ) ( )( )
( ) ( ) .
2/1
2211
2
111
NxNx
aNxNxi
j kjkkjk
kjkkjkt
−+−
+−++
−=
ψ
χ
 (4 .128)  
From equat ions (4 .84)  and (4 .127)  
 
( ) ( )( )
( ) ( ) .
1
2211
2
221
NxNx
aNxxxi
j kjkkjk
kjkkkjr
−+−
−−++−
=
ψ
χψ
 (4 .129)  
Substi tut ing equat ions  (4 .56) ,  (4 .61) ,  (4 .72) ,  (4 .74) ,  and (4 .80)  into  equations (4 .126) ,  
(4 .127) ,  (4 .128) ,  and (4 .129)  gives  
83 
 
 
( )
( )( )
( )
( )
,
sinsin
sin1sin1
2/1sin1sin1
sin1cos
222222
2222
22222
22
iaia
iaia
aiaia
iaia
j
j
j
j
t
θχκθχκ
θχθχψ
χθχθχ
θχθχ
+−−+
+−−
++−−+
++
=  (4 .130)  
and  
 
( )
( )( )
( )
( )
,
sinsin
sin1sin1
2/1sinsin
sin1cos
222222
2222
2222222
22
iaia
iaia
aiaia
iaia
j
j
j
j
r
θχκθχκ
θχθχψ
χθχκθχκ
θχθχψ
+−−+
+−−








++−−−
++
=  
(4 .131)  
and  
 
( )
( )( )
( )
( )
,
sinsin
sin1sin1
2/1sin1sin1
sin1cos
222222
2222
22222
22
iaia
iaia
aiaia
iaia
j
j
j
j
j
t
θχκθχκ
θχθχψ
χθχθχ
θχθχ
+−−+
+−−
++−−+
++
−=  (4 .132)  
and   
 
( )
( )( )
( )
( )
,
sinsin
sin1sin1
2/1sinsin
sin1cos
222222
2222
2222222
22
iaia
iaia
aiaia
iaia
j
j
j
j
j
r
θχκθχκ
θχθχψ
χθχκθχκ
θχθχψ
+−−+
+−−








−+−−+
−+−
=  
(4 .133)  
Let  
 .sinsinsin 2
22
1
2222 θκθθχ === ias  
(4 .134)  
Then equations (4 .130) ,  (4 .131) ,  (4 .132) ,  and (4 .133)  can be  wr it ten as  
 ( ) ( )( ) ,2/1111 222222
∆
++−−+++−
= aa
ssjssj
t
χχ
 
(4 .135)  
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( ) ( )( )
,
2/11 22222222
∆
++−−+++−
= aa
ssjssj
r
χκκχψ
 
(4 .136)  
 
 ( ) ( )( ) ,2/1111 222222
∆
++−−+++−
−= aaj
ssjssj
t
χχ
 
(4 .137)  
and  
 
( ) ( )( )
,
2/11 22222222
∆
−+−−+++−−
= aaj
ssjssj
r
χκκχψ
 
(4 .138)  
where  
 ( ) ( ) .  11 222222 ssjssj +−−++−−=∆ κκψ  (4 .139)  
Equat ions (4 .126) ,  (4 .130)  and (4 .135)  agree  wi th equat ion (9)  o f  Vil lot  and  Guigou-
Car ter  (2000)  apar t  from di ffer ing in  s ign.  This di f ference in sign i s  due  to  the fact  
that  the two  pla tes are  in the same plane in th is  thesis ,  whi le  in Vil lot  and Guigou-
Car ter  (2000)  the second plate  has been ro tated through +90 degrees in order  to  fo rm a 
r ight  angled  junc tion.  Thus the ve loc ity in the posi t ive y -axis direc t ion in the second 
plate  beco mes a  velocity  in the nega tive x -axis d irec t ion in the Vi l lo t  and Guigou-
Car ter  (2000)  paper .  Note that  the posi t ive d irec t ion o f the x -axis  in Vi l lot  and 
Guigou-Car ter  (2000)   f igure  6a is  incor rec t .  I t  does no t  correspond to  the s igns o f the 
exponent ial  exponents in thei r  equation (4) .  Also no te that  once the posi t ive d irect ion 
of the x -axis i s  changed in  the ir  f igure 6 ,  the posi t ive di rec t ion o f  the  z -axis al so  has to  
be changed  in order  to  maintain a  r ight  handed co-ordina te  sys tem.  
Equat ion (4 .135)  can be  wr i t ten as  
 
( ) ( )[ ]
( ) ( ) .11
2/112/11
222222
222222
ssjss
ssjs
t aaa
−+−++++−
+−+−+−+−
=
κψκψ
χχχ
 (4 .140)  
4.7 Transmitted bending wave power. 
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As was sho wn in chap ters 2  and 3 for  the acoust ica l  case,  i t  is  no t  possible  to  ca lculate  
the ne t  in tens i ty inc ident  on a  junc tion by separate ly ca lcula t ing the intens i ty o f  the 
incident  wave  and the intensi ty o f the re f lected  wave,  when the  inc ident  wave  i s  not  
freely p ropagating.  This  is  because the cross terms in the intensi ty calculat ion do no t  
cance l  unless the inc ident  wave i s  f ree ly propagating.  Thus only the tota l  in tensi ty 
incident  on the junc tion can be calculated .  Because this  is  equal  to  the  t ransmi t ted 
intens i ty by energy conservat ion,  only the transmi t ted intens i ty wi l l  be calcula ted in 
th is  chapter .  One of the consequences o f  not  being able to  calcula te  a  meaningful  
incident  intens i ty due to  a  forced  inc ident  wave alone,  i s  that  i t  i s  not  possib le  to  
meaningfully define a  t ransmiss ion e ff ic iency as  Vi l lo t  and Guigou-Carter  (2000)  have 
at tempted to  do  in the ir  equat ion (10) .  This i s  one o f their  two errors which are 
correc ted in th is  thes is .  
   The transmi t ted bending wave  power  per  unit  length o f  the plate  junc t ion I  i s  no w 
der ived.  Fro m equation (4 .88)  the  angular  ve loc ity about  the z -axis in p late  2  i s  
 ( )( ).22 2212 xkjNxjkxz Nx etktejkzEvw −−+ −−=  (4 .141)  
Now tt j −=  
Thus
 
 ( ) ( ).22212 xkNxjkxz Nx ekejktzEvw −−+ −−=  (4 .142)  
At the junct ion,  x=0 ,  thus,  
 ( ) ( ).)0( 2212 Nxz kjktzEvxw +−== +  (4 .143)  
From equat ion (4 .94) ,  the moment per  unit  length about  the z -axis,  Mx z 2 ,  which i s  
exer ted across a  l ine normal to  the x -axis in  pla te  2  i s  
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 (4 .144)  
But  the  transverse ve loc ity v y  (x=0)  i s  zero  because o f  the  pinned  joint .  Thus  
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 (4 .145)  
Different ia t ing equation (4 .142) ,  set t ing x=0  and inser t ing into  equat ion (4 .145)  ,  g ives  
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( ) [ ] ( ).)()(0 2 222122 222122 NxNxxz kktzEvBjkktzEvBjxM +−=−−== ++ ωω
 
(4 .146)  
The transmitted  bending wave  power  ( I )  per  uni t  length o f the plate  junc tion is  the  rea l  
par t  o f the product  o f  the angular  ve loc ity and the moment because  the t ransverse 
ve loc ity o f  the  junc tion is  zero.  
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Since 
2
2
222
2
2
2     ,  sin xiix kkkk θ−= is  a lways  real .  Thus  
 [ ] [ ].Re 222 222221 xNx kBkktvI ω+= +  
(4 .148)  
Now 
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and  
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Thus  
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From equat ion (4 .74)  
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(4 .152)  
Inser t ing equations (4 .151)  and (4 .152)  into  equation (4 .148)  gives  
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Now fro m the homogeneous bending wave equat ion ( see equation (4 .41)) ,  
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Therefore  
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Since  
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the fo l lo wing equat ion i s  obtained.  
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(4 .157)  
Put t ing equat ion (4 .157)  into  (4 .153)  gives  
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Hence  
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The transmitted  bending wave  power  ( I )  per  uni t  length o f the plate  junc tion can a lso 
be der ived from equations (3 .83) ,  (3 .84)  and  (3 .92)  of  Cremer  et  al .  (2005) .  
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(4 .161)  
where m2  i s  the mass o f plate  2 ,  c 2  is  the bending wave  speed in plate  2  and  +1v is  the 
root  mean square  veloci ty o f the forced inc ident  bend ing wave.  Note that  the factor  o f 
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2 does no t  appear  in Cremer e t  al . (2005)  because they are us ing peak wave ampl i tude 
ins tead  of root  mean square ( rms)  ampl i tude as i s  be ing used here.  
4.8 The power per unit length transmitted by a diffuse bending 
wave field. 
 
 
The power per  unit  length transmit ted to  p late  2  by a  di f fuse bending wave f ie ld  in 
plate  1  wi l l  no w be calculated.  This  power  i s  proport iona l  to  the integra l  o f equat ion 
(4 .161)  over  the incident  angle θ i  from 0 radians  to  π /2  rad ians or  the minimum angle 
at  which total  interna l  ref lect ion occurs when the rea l  func tion in equat ion  (4 .161)  i s  
equal  to  zero.  This occurs when 
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κ
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(4 .162)  
This means tha t  
 .sin 2222 κθχ ≥= sia  
(4 .163)  
Rearranging gives,  
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and  
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Thus the upper  l imi t  o f the integra l  i s   
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Hence  the  bending wave  intens i ty transmit ted by an inc ident  di f fuse forced bending 
wave f ie ld  in  pla te  1  i s  proport iona l  to  
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4.9 The transmitted power when plate 1 is excited by a diffuse 
acoustic field.  
 
 
F igure  4 .3  An in ciden t  aco ust ic  sound  wave.   
From equat ion (12)  o f  Vil lo t  and  Guigou-Car ter  (2000) ,  the  wave impedance o f p late  1  
is  
 ( ) .41114121 kBkkj
Bz i ηω
+−=  (4 .168)  
where B 1  i s  the  bending st i f fness o f p la te  1 ,  k 1  i s  the wave number  o f  pla te  1  for  an 
angular  f requency of ω ,  η1  i s  the in s i tu damping loss fac tor  o f p late  1  and φsinai kk =
is  the wave number  o f the plane wave forced by an ai rborne p lane wave of wave  
number  ka  which is  inc ident  on p late  1  a t  an angle o f ϕ  to  the normal  to  plate  1 .  The 
damping loss term has been added  to  the Vi l lo t  and  Guigou-Carter  (2000)  equat ion.  
I f  the rms ampl i tude o f the inc ident  a irborne d i ffuse sound f ie ld  a t  the plate  sur face i s  
1 ,  then from equation (11)  of  Vil lot  and  Guigou-Car ter  (2000) ,  
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Thus  
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and  
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For  a  d i f fuse f ie ld  acoustic  inc ident  wave equat ion (4 .171)  has to  be averaged over  ϕ  
and  θ i .  
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(4 .172)  
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F igure  4 .4  The o ct an t  tha t  equat ion  4 .187  i s  averaged  over .  
 
dblint .m calcula tes the values o f the integra l  that  is  proport iona l  to  the power per  uni t  
length transmit ted through the junct ion when p late  1  i s  exci ted by a  di f fuse acoust ic  
sound f ield  (see appendix 1) .  The integra l  i s  conducted only from 0  to  π/2  which i s  the 
sol id  angle o f the octant  over  which the integrat ion is  made .  Note tha t  the angular  
weighting i s  d i f ferent  from tha t  used in equation (13)  by Vil lot  and Guigou-Car ter  
(2000) .  In the notat ion o f this  thesis ,  Vi l lo t  and Guigou-Car ter  eva luate  an integra l  o f 
the form.  
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Since  
 .cos   ,sin φφ aiai kdkkk ==  (4 .174)  
 
Thus thei r  in tegra l  becomes  
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The ka  squared and  the  2 /π are  jus t  constants which can be corrected for  but  the  cosφ  
is  incorrec t  because the forced bending wave velocity depends on the inc ident  
acoustic  power.  
 
4.10 Summary 
 
The re f lec ted wave ampl i tudes ( r) ,  the  re flec ted near field  wave  ampli tudes ( r j ) ,  the 
transmot ted wave  ampli tudes ( t) ,  and the transmi tted near f ie ld  ( t j)  waves are  der ived.  
These wave ampl i tudes are  calcula ted for  the s i tua t ion o f  normal incidence.  Then the 
wave number  equat ions  from Cremer et  a l .  (2005)  are  der ived  for  the ob lique ly 
incident  free ly propagat ing wave case.  Next ,  the  angular  veloci ty and the torsional  
moment in the x  d irect ion a re de termined by values in the y  and z  d irec t ions.  This i s  
shown for  the obl ique ly incident  wave  case .  Then the der iva t ion o f the t ransmit ted 
and  re flec ted wave ampl i tude for  the obl ique ly inc ident  forced wave is  g iven.  These 
ampli tudes are  used to  calculate  the transmit ted bending wave intens i ty.  Then the 
intens i ty transmit ted by a  di f fuse bending wave f ield  i s  calcula ted.  F inal ly,  the 
transmi tted  intensi ty when pla te  1  i s  exci ted by a  di f fuse acoust ic  f ie ld  i s  der ived.  
This final  calculat ion was the main aim of th is  thes is .  
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Chapter 5  The results for pinned plates. 
 
 
In this  chapter ,  graphs o f the rela t ive t ransmi tted intens i ty at  the junc tion o f two  semi -
f ini te  in the plane p lates  wi l l  be presented.  As explained in chap ters 2  and 3,  and in 
sec t ion 4 .6  i t  is  no t  poss ible  to  calcula te  meaningful  in tensi t ies  for  the inc ident  and 
ref lected  waves unless the inc ident  wave is  free ly propagat ing.  Only the tota l  in tens i ty,  
which i s  incident  on the  junct ion can be meaningfully calculated  and this  i s  equal  to  
the t ransmitted intensi ty .  Thus  only the transmit ted intens i ty is  considered in this  
chapter .  
As in the previous chapter  the  pla tes wi l l  be assumed to  have bending st i f fnesses B i  
and  free ly propagat ing wave numbers k i  where i=1 or  2 .  The ra t io  o f  the  freely 
propagat ing wave numbers i s  
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k
k
=κ  (5 .1)  
 
The var iable  ψ  is  def ined to  be  
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22 κψ
B
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kB
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==  (5 .2)  
The intensi ty o f a  freely  propagat ing p lane bending wave wi th transverse veloci ty v i  in 
the i th p late  i s  ( see Cremer e t  al .  (2005)  and sect ion 4 .7)  
 
 ,2 2iiii vcmI =  
(5 .3)  
where mi  is  the  mass per  unit  area  and c i  i s  the f reely propagating bending wave  
ve loc ity o f  the  i th plate .  Thus  
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 iii cmZ 2=  (5 .4)  
can be interpre ted as the  impedance exper ienced by a  free ly propagat ing bending wave.  
For  a  f ree ly propagat ing bending wave  Cremer  e t  al .  (2005)  
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 (5 .5)  
 
and  
 ,i
i
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=
ω
 (5 .6)  
where ω  i s  the angular  f requency.  
Equat ions (5 .4) ,  (5 .5 )  and (5 .6)  and give  
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Hence  ψ  can be wri t ten as  
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Thus ψ  can be interpreted as the rat io  o f the “freely propagat ing bending wave  
impedances” d ivided the  rat io  o f the freely p ropagat ing wave numbers .  
The forced incident  wave wi l l  be in plate  1  and have a  forced wave  number  o f k i .  I t  
wi l l  be  inc ident  a t  an angle o f θ i  to  the normal to  the l ine  junc tion between the two 
semi-f ini te  in  plane plates.  The var iab le  χ a  i s  the rat io  o f the forced bending wave 
number  o f the incident  wave to  the freely p ropagating wave number  in p late  1 .  
 
 .
1k
ki
a =χ  (5 .9)  
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The freely propagat ing wave case i s  given by χ a  equals 1 .  F ir st  graphs o f  the rela t ive 
transmitted intensi ty ( re lat ive po wer per  uni t  length o f the junct ion)  wi l l  be given.  
Equat ion (4 .160)  wi l l  be  graphed.  
This equation i s  
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Thus i t  can be  seen tha t  the t ransmi tted intensi ty  is  e i ther  normalized by or  i s  re lat ive 
to  the  intensi ty o f a  free ly propagating plane bending wave .  This re ference wave has 
the same transverse bending wave ve loc ity as  the inc ident  wave but  i s  p ropagat ing in  
plate  2  a t  a  t ransmi t ted angle o f  ο0 relat ive to  the normal o f the l ine junct ion.   
The transmi tted  intensi ty has been fur ther  normalized by d ivid ing i t  by the t ransmitted 
intens i ty for  the  free ly p ropagat ing incident  wave case (χ a=1) .  This i s  no t  poss ible  in 
al l  these  graphs because  sometimes the transmit ted intensi ty for  the freely propagat ing 
incident  wave  case  i s  zero.  In these cases the transmi tted intensi ty is  normalized  by 
dividing i t  by i t s  maximum value .  This fur ther  normal iza t ion makes the curves in each 
f igure near ly over  lay each other .  
I t  can be seen immediately that  the relat ive transmi tted intensi ty is  zero  when  
 
 .sin i
a θ
κ
χ ≥  (5 .11)  
In this  case tota l  interna l  re f lec t ion occurs.  The minimum value o f χ a  for  which to tal  
in ternal  re flec t ion occurs as a  func tion o f  κ and  iθ are given in  the  fol lowing table  5 .1 .  
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 κ=1/2  κ=1  κ=2  
οθ 0=i
 
∞    
οθ 15=i  1.93 3.86 7.73 
οθ 30=i  1 2 4 
οθ 45=i  0.707 1.41 2.83 
οθ 60=i  0.577 1.15 2.31 
οθ 75=i  0.518 1.04 2.07 
οθ 90=i  0.5 1 2 
 
Table 5 .1  The  minimum value o f  χ a  for  which total  in ternal  re flect ion occurs  fo r  
di f ferent  va lues o f κ  and  θ i .  
 
The root  mean square complex ampl i tude  o f the freely p ropagating transmi t ted wave in 
plate  2  divided by the  root  mean square complex ampl i tude  o f the forced  incident  wave 
in  pla te  1  i s  t .  From equation (4 .130)  
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The only one o f the terms in the numerator  o f  the r ight  hand side o f equation (5 .12)  
that  can possib ly become zero i s  
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 .sin1 2 iaj θχ−  
(5 .13)  
Equat ion (5 .13)  i s  zero  when  
 
 .
sin
1
i
a θ
χ =  (5 .14)  
I t  can be seen from equations (4 .62)  and (4 .63) ,  that  the value o f χ a  given by equat ion 
(5 .14)  i s  the maximum value o f  χ a  for  which the ref lected  propagating wave i s  ac tual ly 
a  wave.  For  va lues o f χ a  greater  than that  g iven by equat ion (5 .14)  the p ropagat ing 
ref lected  wave becomes a  non-propagating near f ield  wave.  
At the va lue o f  χ a  g iven by equat ion (5 .14)  i t  i s  l ikely tha t  the  graphs wi l l  exhib it  a  
loca l  minimum because  the graphs are propor t iona l  to  .
2t  However  th is  local  minimum 
wi l l  no t  be observed i f  values o f χ a  given by equation (5 .14)  are  greate r  than or  equal  
to  the  value o f χ a  given by the equals sign in equation (5 .11) .  This wi l l  happen when κ  
is  equa l  to  or  less than one.  This i s  because the real  funct ion in  equation (5 .10)  makes 
the re la t ive transmit ted intens i ty zero in the region of the va lue o f χ a  where a  local  
minimum would probab ly have occurred.  The va lues o f χ a   for  which the  loca l  minimum 
wi l l  probably occur  a re  given in  tab le  5 .2 .  
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 κ>1  
οθ 0=i   
οθ 15=i  3.86 
οθ 30=i  2 
οθ 45=i  1.41 
οθ 60=i  1.15 
οθ 75=i  1.04 
οθ 90=i  1 
Table 5 .2   Values  o f χ a  for  which a  loca l  minimum in the t ransmitted intensi ty wi l l  
probably occur  for  d i f fe rent  va lues o f θ i .  
 
Apart  from the moduli  o f the term given by equation (5 .13) ,  a l l  the moduli  o f the terms 
in  the  numerator  o f  equation (5 .12)  increase as χ a  increases.  Thus apar t  f rom the 
possib le  loca l  minimum and  the ul t imate d r iving to  zero (except  for  θ i =0) by the rea l  
func tion in equat ion (5 .10) ,  the graphs are expected to  be increasing func tions o f  χ a .  
Figures  5 .1  to  5 .3  show the re la t ive transmit ted intens i ty at  0 ˚  for  κ  equals ½,  1  and  2  
respect ive ly.  Each next  se t  o f three f igures shows the same graphs  for  the case when θ i  
has been increased by 15 ˚ .  This t rend is  cont inued unti l  θ i  equals 90 ˚ .  
Figures  5 .1  to  5 .21 show a wide var iety o f behaviour .  Except  for  the normal inc idence 
case,  to ta l  internal  re flect ion occurs for  smal ler  va lues o f χ a  as κ  decreases and θ  
increases .  On most  o f the graphs the curves  for  di f ferent  va lues o f ψ are  almost  
ident ica l .  These curves are  only s igni f icant ly di f fe rent  on the κ equals  2  graphs ,  for  the 
larger  values  o f χ a  and  θ.  The  volume of χ a  for  which a  minimum occurs in some of the 
graphs i s  wel l  pred icted by values given in t able  5 .2 .  
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The re lat ive bending intens i ty (po wer per  unit  length o f the junct ion)  t ransmitted  by a  
forced di ffuse f ie ld  in p late  1  wi l l  no w be calculated.  This  i s  done  by integra t ing 
equat ion (5 .10)  over  angles o f incidence θ i  ranging fro m 0 rad ians up to  the angle at  
which total  interna l  re f lect ion occurs o r  π /2  rad ians (90 ˚ )  i f  to tal  interna l  re f lec t ion 
does no t  occur .  Thus the  upper  l imi t  o f integra t ion θ u  is  g iven by equation (4 .166)  
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Hence  the  re lat ive intensi ty i s  proport ional  to  equation (4 .165)  
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Equat ion (5 .16)  wi l l  a lways give non-zero result s .  Thus the result  o f equation (5 .16)  
wi l l  be  fur ther  normalized by dividing i t  by the  result  fo r  a  freely propagating inc ident  
wave (χ a=1).  These result s  wi l l  then be  conver ted to  dec ibe ls and graphed in figures 
5 .22 to  5 .24.  The normalized curves in these f igures over lay each other  except  when χ a  
is  grea ter  than one in the κ  equals two case,  shown in f igure  5 .24.  This outcome can be 
predic ted fro m the resul ts  sho wn in  figures 5 .1  to  5 .21.  
Except  for  the loca l  minimum in  the  κ=1/2 result s  shown in f igure 5 .22 ,  the curves a re  
increas ing func tions o f  χ a .  The local  minimum in the κ=1/2 case appears  to  be an 
interac t ion between the increas ing na ture o f  the  rela t ive transmission as a  funct ion o f 
χ a  for  angles o f inc idence close  to  normal inc idence and the decrease in  the angle at  
which total  interna l  re f lec t ion occurs as a  funct ion o f χ a .  
Next  i t  i s  assumed tha t  the bending wave field  in p late  1  is  forced  by an incidence  
di ffuse acoustic  fie ld .  The forced bending wave number  k i  wi l l  vary f rom ka ,  where k a  
is  the value o f the wave number  o f the di ffuse sound f ie ld .  The  var iable  r  is  defined to  
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be the rat io  o f the airborne  wave number  ka  to  the f ree ly propagat ing wave number  k1  
in  pla te  1 .  
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1k
k
r a=  (5 .17)  
In this  case the re la t ive transmi tted bending wave intensi ty i s  propor t ional  to  equation 
(4 .172) .  
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(5 .18)  
The 2/π from equat ion (4 .172)  has been dropped  because equation (5 .24)  wi l l  be 
normal ized by dividing i t  by i t s  va lue for  the f reely propagat ing incidence wave case 
when  χ a  equa ls one.  Note tha t  the angular  weighting is  d i f ferent  from that  used in 
equat ion (13)  o f by Vil lot  and Guigou-Carte r  (2000) .  
Afte r  normalizat ion,  the  va lue o f  equation (5 .18)  wi l l  be converted  to  decibe ls  before  
being graphed in  figures  5 .25 to  5 .27  where the curves in each f igure  over lay each 
other .  This i s  because  the curves in figures  5 .1  to  5 .21 over lay each o ther ,  apar t  from 
the κ=2 case when the values o f χ a  are  greater  than one.  Figures 5 .25 to  5 .27 di ffer  
from f igures 5 .22 to  5 .24 because a  weighted average o f the transmit ted intens i ty has 
been taken over  by va lues o f  χ a  from zero  to  r .  
For  va lues o f r  greater  than one this  average i s  dominated by va lues o f χ a  c lose  to  one.  
In this  case:  
 
 .sin 1kka ≈φ  (5 .19)  
 
 
Because the damping loss factor  η  i s  smal l  (0 .03) ,  the denominator  o f  the integrand in 
equat ion (5 .18)  i s  c lose to  zero  when equation (5 .24)  appl ies.  This means that  the 
integrad has a  sharp maximum a t  χ a =1.  The effect  i s  tha t  the integral  is  rela t ively 
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constant  for  r  greater  than or  equal  to  one.  Because the integral  i s  normalized by 
dividing by i t s  va lue when r  equa ls  one,  the normalized integral  i s  c lose  to  one which 
is  0  dB when r  i s  greate r  than one.  
When r  i s  less than one,  the curves fol low the  genera l  behavior  o f f igures 5 .22  to  5 .24 .  
That  is ,  they are increas ing func tions o f r  excep t  for  a  local  minimum in the κ=1/2 
case.  
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Figure  5 .1  The re la t ive  t ransmi t ted  in t ensi t y  a t  the  j unct ion  o f two in f in i t e  panels  du e to  a  
fo rced  wave in  the  f i r s t  panel  inc iden t  a t  an  an gle  o f  inciden ce  to  the  normal  o f  0 ˚ .  The ra t io  κ  
o f  th e  wave nu mber  in  th e  second  panel  to  that  in  the  f i r s t  pan el  i s  ½.  Curves  a re  given  for  th e  
ra t io  ψ  equal s  ½,  1  and  2 .  
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Figure  5 .2  .  Th e r e la t i ve  t r ansmi t t ed  in t ensi t y  a t  th e  junct ion  o f two in fin i t e  panels  du e to  a  
fo rced  wave in  the  f i r s t  panel  inc iden t  a t  an  an gle  o f  inciden ce  to  the  normal  o f  0 ˚ .  The ra t io  κ  
o f  th e  wave nu mber  in  th e  second  panel  to  that  in  the  f i r s t  pan el  i s  1 .  Curves  are  given  fo r  the  
ra t io  ψ  equal s  ½,  1  and  2 .  
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Figure  5 .3  The re la t ive  t ransmi t ted  in t ensi t y  a t  the  j unct ion  o f two in f in i t e  panels  du e to  a  
fo rced  wave in  the  f i r s t  panel  inc iden t  a t  an  an gle  o f  inciden ce  to  the  normal  o f  0 ˚ .  The ra t io  κ  
o f  th e  wave nu mber  in  th e  second  panel  to  that  in  the  f i r s t  pan el  i s  2 .  Curves  are  given  fo r  the  
ra t io  ψ  equal s  ½,  1  and  2 .  
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Figure 5 .4  The re la t ive  t ransmit ted intens i ty at  the junc tion o f  two inf ini te  panels due  
to  a  forced wave in the f irs t  panel  inc ident  at  an angle o f  inc idence to  the normal o f 
15˚ .  The rat io  κ  o f the wave number  in the second panel  to  that  in the f ir st  pane l  i s  1 /2 .  
Curves are  given for  the  rat io  ψ  equals ½,  1  and 2.  
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Figure 5 .5  The re la t ive  t ransmit ted intens i ty at  the junc tion o f  two inf ini te  panels due  
to  a  forced wave in the f irs t  panel  inc ident  at  an angle o f  inc idence to  the normal o f 
15˚ .The ra t io  κ  o f the wave number  in the second panel  to  that  in the f ir st  pane l  i s  1 .  
Curves are  given for  the  rat io  ψ  equals ½,  1  and 2.  
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Figure 5 .6  The re la t ive  t ransmit ted intens i ty at  the junc tion o f  two inf ini te  panels due  
to  a  forced wave in the f irs t  panel  inc ident  at  an angle o f  inc idence to  the normal o f 
15˚ .  The rat io  κ  o f the wave number  in the second panel  to  that  in the f ir st  pane l  i s  2 .  
Curves are  given for  the  rat io  ψ  equals ½,  1  and 2.  
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Figure  5 .7  The re la t ive  t ransmi t ted  in t ensi t y  a t  the  j unct ion  o f two in f in i t e  panels  du e to  a  
fo rced  wave in  the  f i r s t  panel  inc iden t  a t  an  an gle  o f  inciden ce  to  the  normal  o f  30˚ .  The ra t io  
κ  o f  the  wave nu mb er  in  the  second  p anel  to  that  in  t he  f i r s t  p anel  i s  1 /2 .  Cu rves  are  given  fo r  
the  r a t io  ψ  equal s  ½,  1  an d  2 .  
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Figure  5 .8  The re la t ive  t ransmi t ted  in t ensi t y  a t  the  j unct ion  o f two in f in i t e  panels  du e to  a  
fo rced  wave in  the  f i r s t  panel  inc iden t  a t  an  an gle  o f  inciden ce  to  the  normal  o f  30˚ .   The ra t io  
κ  o f  the  wave nu mb er  in  the  second  p anel  to  that  in  t he  f i r s t  p anel  i s  1 .  Cu rves  are  g iven  fo r  
the  r a t io  ψ  equal s  ½,  1  an d  2 .  
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Figure 5 .9  The re la t ive  t ransmit ted intens i ty at  the junc tion o f  two inf ini te  panels due  
to  a  forced wave in the f irs t  panel  inc ident  at  an angle o f  inc idence to  the normal o f 
30˚ .  The rat io  κ  o f the wave number  in the second panel  to  that  in the f ir st  pane l  i s  2 .  
Curves are  given for  the  rat io  ψ  equals ½,  1  and 2.  
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Figure 5 .10 The re la t ive  transmi tted intens i ty at  the junct ion o f two infini te  pane ls  due 
to  a  forced wave in the f irs t  panel  inc ident  at  an angle o f  inc idence to  the normal o f 
45˚ .   The rat io  κ  o f  the  wave number  in the second panel  to  that  in the f i rst  pane l  i s  
1 /2 .  Curves a re  given fo r  the rat io  ψ  equals ½,  1  and 2.  
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Figure 5 .11 .  The rela t ive transmit ted intens i ty a t  the  junc tion o f two inf ini te  panels 
due  to  a  forced  wave in  the f irs t  panel  inc ident  a t  an angle o f  incidence to  the normal 
of 45˚ .  The rat io  κ  o f  the wave number  in the second  panel  to  tha t  in  the  f ir st  panel  i s  
1 .  Curves  are  given for  the rat io  ψ  equals ½,  1  and 2.  
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Figure  5 .12  The re l a t i ve  t r ansmi t t ed  in t ensi t y  a t  th e  junct ion  o f two in fin i t e  panels  du e to  a  
fo rced  wave in  the  f i r s t  panel  inc iden t  a t  an  an gle  o f  inciden ce  to  the  normal  o f  45˚ .  The ra t io  
κ  o f  the  wave nu mb er  in  the  second  p anel  to  that  in  t he  f i r s t  p anel  i s  2 .  Cu rves  are  g iven  fo r  
the  r a t io  ψ  equal s  ½,  1  an d  2 .  
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Figure  5 .13  The re l a t i ve  t r ansmi t t ed  in t ensi t y  a t  th e  junct ion  o f two in fin i t e  panels  du e to  a  
fo rced  wave in  the  f i r s t  panel  inc iden t  a t  an  an gle  o f  inciden ce  to  the  normal  o f  60˚ .  The ra t io  
κ  o f  the  wave nu mb er  in  the  second  p anel  to  that  in  t he  f i r s t  p anel  i s  1 /2 .  Cu rves  are  given  fo r  
the  r a t io  ψ  equal s  ½,  1  an d  2 .  
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Figure 5 .14 The re la t ive  transmi tted intens i ty at  the junct ion o f two infini te  pane ls  due 
to  a  forced wave in the f irs t  panel  inc ident  at  an angle o f  inc idence to  the normal o f 
60˚ .  The rat io  κ  o f the wave number  in the second panel  to  that  in the f ir st  pane l  i s  1 .  
Curves are  given for  the  rat io  ψ  equals ½,  1  and 2.  
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Figure  5 .15  The re l a t i ve  t r ansmi t t ed  in t ensi t y  a t  th e  junct ion  o f two in fin i t e  panels  du e to  a  
fo rced  wave in  the  f i r s t  panel  inc iden t  a t  an  an gle  o f  inciden ce  to  the  normal  o f  60˚ .   The ra t io  
κ  o f  the  wave nu mb er  in  the  second  p anel  to  that  in  t he  f i r s t  p anel  i s  2 .  Cu rves  are  g iven  fo r  
the  r a t io  ψ  equal s  ½,  1  an d  2 .  
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Figure  5 .16  .  The re la t ive  t ransmi t ted  in t ens i t y  a t  th e  junct ion  of  two in f in i te  panel s  due to  a  
fo rced  wave in  the  f i r s t  panel  inc iden t  a t  an  an gle  o f  inciden ce  to  the  normal  o f  75˚ .  The ra t io  
κ  o f  the  wave nu mb er  in  the  second  p anel  to  that  in  t he  f i r s t  p anel  i s  1 /2 .  Cu rves  are  given  fo r  
the  r a t io  ψ  equal s  ½,  1  an d  2 .  
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Figure  5 .17  .  The re la t ive  t ransmi t ted  in t ens i t y  a t  th e  junct ion  of  two in f in i te  panel s  due to  a  
fo rced  wave in  the  f i r s t  panel  inc iden t  a t  an  an gle  o f  inciden ce  to  the  normal  o f  75˚ .  The ra t io  
κ  o f  the  wave nu mb er  in  the  second  p anel  to  that  in  t he  f i r s t  p anel  i s  1 .  Cu rves  are  g iven  fo r  
the  r a t io  ψ  equal s  ½,  1  an d  2 .  
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Figure  5 .18  The re l a t i ve  t r ansmi t t ed  in t ensi t y  a t  th e  junct ion  o f two in fin i t e  panels  du e to  a  
fo rced  wave in  the  f i r s t  panel  inc iden t  a t  an  an gle  o f  inciden ce  to  the  normal  o f  75˚ .  The ra t io  
κ  o f  the  wave nu mb er  in  the  second  p anel  to  that  in  t he  f i r s t  p anel  i s  2 .  Cu rves  are  g iven  fo r  
the  r a t io  ψ  equal s  ½,  1  an d  2 .  
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Figure  5 .19  .  The re la t ive  t ransmi t ted  in t ens i t y  a t  th e  junct ion  of  two in f in i te  panel s  due to  a  
fo rced  wave in  the  f i r s t  panel  inc iden t  a t  an  an gle  o f  inciden ce  to  the  normal  o f  90˚ .  The ra t io  
κ  o f  the  wave nu mb er  in  the  second  p anel  to  that  in  t he  f i r s t  p anel  i s  1 /2 .  Cu rves  are  given  fo r  
the  r a t io  ψ  equal s  ½,  1  an d  2 .  
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Figure  5 .20  The re l a t i ve  t r ansmi t t ed  in t ensi t y  a t  th e  junct ion  o f two in fin i t e  panels  du e to  a  
fo rced  wave in  the  f i r s t  panel  inc iden t  a t  an  an g l e  o f  inciden ce  to  the  normal  o f  90˚ .  The ra t io  
κ  o f  the  wave nu mb er  in  the  second  p anel  to  that  in  t he  f i r s t  p anel  i s  1 .  Cu rves  are  g iven  fo r  
the  r a t io  ψ  equal s  ½,  1  an d  2 .  
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Figure  5 .21  The re l a t i ve  t r ansmi t t ed  in t ensi t y  a t  th e  junct ion  o f two in fin i t e  panels  du e to  a  
fo rced  wave in  the  f i r s t  panel  inc iden t  a t  an  an gle  o f  inciden ce  to  the  normal  o f  90˚ .   The ra t io  
κ  o f  the  wave nu mb er  in  the  second  p anel  to  that  in  t he  f i r s t  p anel  i s  2 .  Cu rves  are  g iven  fo r  
the  r a t io  ψ  equal s  ½,  1  an d  2 .  
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Figure  5 .22  The in cid en t  f ie ld  i s  a  d i f fuse  vibrat ion a l  f ie ld .  The in t egrat ion  i s  done over  a l l  
the  poss ib le  an gles  o f  in cidence.  Because o f symmet ry,  th e  in t egrat ion  i s  on ly done fro m 0  to  
90  degrees .  Th e r a t io  κ  o f  the  wave nu mber  in  the  second  panel  to  that  in  the  f i r s t  p anel  i s  1 /2 .  
Curves  a re  given  for  th e  r a t io  ψ  equal s  ½,  1  and  2 .  
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Figure  5 .23  The in cid en t  f ie ld  i s  a  d i f fuse  vibrat ion a l  f ie ld .  The in t egrat ion  i s  done over  a l l  
the  poss ib le  an gles  o f  in cidence.  Because o f symmet ry,  th e  in t egrat ion  i s  on ly done fro m 0  to  
90  degrees .  Th e r a t io  κ  o f  the  wave nu mber  in  the  second  panel  to  that  in  the  f i r s t  p anel  i s  1 .  
Curves  a re  given  for  th e  r a t io  ψ  equal s  ½,  1  and  2 .  
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Figure  5 .24  The in cid en t  f ie ld  i s  a  d i f fuse  vibrat ion a l  f ie ld .   The in tegrat ion  i s  done over  a l l  
the  poss ib le  an gles  o f  in cidence.  Because o f symmet ry,  th e  in t egrat ion  i s  on ly done fro m 0  to  
90  degrees .  Th e r a t io  κ  o f  the  wave nu mber  in  the  second  panel  to  that  in  the  f i r s t  p anel  i s  2 .  
Curves  a re  given  for  th e  r a t io  ψ  equal s  ½,  1  and  2 .  
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Figure  5 .25  .  The vib rat ional  f i e ld  in  th e  1s t  p anel  i s  exci t ed  b y a  d i f fuse  inc iden t  acoust i c  
f i e ld .  Th e r a t io  κ  o f  the  wave nu mb er  in  the  second  panel  to  th at  in  th e  f i r s t  panel  i s  1 /2 .  
Curves  a re  given  for  th e  r a t io  ψ  equal s  ½,  1  and  2 .  
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Figure  5 .26  .  The vib rat ional  f i e ld  in  th e  1s t  p anel  i s  exci t ed  b y a  d i f fuse  inc iden t  acoust i c  
f i e ld .  Th e r a t io  κ  o f  the  wave nu mb er  in  the  f i r s t  panel  to  tha t  in  the  second  p anel  i s  1 .  Cu rves  
are  g iven  fo r  the  ra t io  ψ  equals  ½,  1  and  2 .  
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Figure  5 .27  .  The vib rat ional  f i e ld  in  th e  1s t  p anel  i s  exci t ed  b y a  d i f fuse  inc iden t  acoust i c  
f i e ld .  Th e r a t io  κ  o f  the  wave nu mb er  in  the  second  panel  to  th at  in  th e  f i r s t  panel  i s  2 .  Cu rves  
are  g iven  fo r  the  ra t io  ψ  equals  ½,  1  and  2 .  
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Figure  5 .28  The re l a t i ve  i n tensi t y  t ran smi t t ed  a t  a  p inned  jo in t  between  two  panel s  wh en  the  
two pan els  h ave th e  same  mater ia l  p roper t ie s .  Th e f i r s t  p anel  i s  exci t ed  on  one  of i t s  s ides  b y a  
d i f fu se  sound  fi e ld .  Th e I rwin  curve sho ws th e  cal cu la t ions  made in  th is  thes i s ,  whi le  the  
Vi l lo t  & Guigou-Car te r  cu rve sho ws th e  cal cu l a t ions  mad e b y Vi l lo t  and  Guigou-Car te r  
(2000) .  Th e x-axi s  va r i ab l e ,  r  i s  th e  r a t io  o f  the  wave nu mb er  o f  th e  d i f fu se  so und  fi e ld  to  th e  
f ree  bendin g wave nu mb er  o f  th e  two iden t i cal  pan el s .  The cr i t ica l  f r equency o ccur s  wh en  r  
equal s  one.  
 
The cr i t ica l  frequency occurs  when r  i s  equal  to  one .  Above the cr i t ica l  f requency,  
where r  i s  greater  than or  equal  to  one,  the two curves agree  well  wi th each other .  
Below the cr i t ical  frequency the re la t ive  transmitted intens i ty is  much greater  than that  
calcula ted by Vi l lo t  and  Guigou-Carte r  (2000) .  Hence  i t  i s  no t  as obvious as cla imed 
by Vi l lo t  and Guigou-Carter  (2000)  tha t  the intensi ty transmi tted by the forced wave 
can be ignored relat ive to  that  t ransmit ted by resonant  waves.  
The production o f  figure  5 .28 was the main aim of this  thesis .  The ident i f ica t ion o f  two 
errors  in Vi l lo t  and Guigou-Car ter ’s  (2000)  ca lculat ions meant  tha t  i t  was important  to  
correc t  their  ca lculat ions.  This has been achieved in figure 5 .28 and large di ffe rences 
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between the correc ted calculat ions and Vi l lo t  and Guigou-Carte r ’s  (2000)  calculat ions 
have been identi f ied  below the cr i t ica l  frequency.  
 
From equat ion (4 .41) ,  the bending wave number  of p la te  1  is  
 
 .
1
2
12
1 B
mk ω=  (5 .20)  
The a irborne wave  number  i s  
 .
c
ka
ω
=  (5 .21)  
The cr i t ica l  angular  frequency of p late  1  ω c 1  or  the cr i t ica l  frequency f c 1  of p la te  1  
occurs when  
 .1kka =  (5 .22)  
 
Therefore ,  a f ter  much manipulat iuon i t  i s  found  that ,  
 .
111 cc
a
f
f
k
kr ===
ω
ω
 (5 .23)  
Thus r  for  Vi l lo t  and  Guigou-Carter ’s  (2000)  f igure  7  i s  calcula ted by taking the  
square root  o f  the ra t io  of the frequency divided  by the cr i t ical  frequency.  In  Vil lot  
and  Guigou-Carter ’s  (2000)  f igure 7 ,  the cr i t ica l  frequency i s  where the i r  forced curve 
stops decreas ing wi th increasing frequency and becomes a lmost  constant  above 3 .4  
kHz.  
I t  should also be no ted tha t  
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Chapter 6 Conclusion 
 
 
I t  has been shown in this  thesis  that  the transmission of forced waves  at  an inter face 
between two media  i s  d i f fe rent  from the transmission of f ree ly propagat ing waves.  The 
Vil lot  and Guigou-Carte r  (2000)  equation for  the ampl i tude o f the transmi t ted bending 
wave at  a  pinned junct ion between two  panels  due to  a  forced  inc ident  wave i s  correc t .  
However ,  thei r  expression for  the  transmit ted bending wave intens i ty i s  no t  correct .  
This i s  because i t  i s  not  possib le  to  def ine a  t ransmission fac tor  for  forced inc ident  
waves as Vi l lo t  and  Guigou-Car ter  (2000)  have at tempted to  do .  
 
There appear  to  be  two errors  in Vi l lo t  and Guigou-Car ter ’s  (2000)  paper .  The f ir st  
error  i s  because i t  i s  not  possib le  to  ca lcula te  the energy inc ident  on a  junc tion by just  
consider ing the  inc ident  wave  and ignoring the ref le cted  wave.  The interact ion o f the 
incident  and re f lec ted waves  must  be considered .  This i s  because the  cross terms 
between the transverse  veloc ity o f  one o f the waves wi th the transverse force o f  the 
other  wave i s  not  zero.  This i s  d i f ferent  from the case when the inc ident  waves are  
freely p ropagating and these  cross terms are  zero.   
 
The second error  is  due to  the  weight ing over  the direct ion o f the incident  wave used 
by Vi l lo t  and Guigou-Carter  (2000) .  This  i s  incorrect  because i t  has as a  cosθ  term that  
should no t  be  there.  The  cosθ  t erm comes from the di ffe rent ia l  o f the forced wave 
number  in the pane l ,  which appears in  the ir  integra ls .   
 
Because o f these two errors,  Vi l lo t  and Guigou-Car ter ’s  (2000)  numer ical ly ca lculated 
graph of the transmission loss i s  incorrec t .  I t  shows tha t  the a t tenuat ion of the forced 
wave can be  16dB or  more  than the  at tenuation o f the free ly propagating wave.  The 
calcula t ions in th is  thes is  show tha t  the maximum extra  a t tenuat ion for  the same 
si tua t ion is  less than 6dB.  
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Because o f the complex na ture o f  the  problem be ing considered in th is  thes is ,  in i t ia l ly 
the si tua t ion o f  forced  acoustica l  waves propagating from a hal f  inf ini te  flu id  medium 
to  another  ha l f  infini te  f lu id  medium was considered.  The normally inc ident  case was  
considered f ir st .  Then the oblique incidence case  was considered.  F ina lly  the d i ffuse 
f ie ld  inc idence case was  considered .  I f  the wave  speed in the two  media is  the same,  a  
very s imple formula for  the ra t io  o f the energy t ransmit ted by the forced  di ffuse f ie ld  
waves to  that  t ransmi t ted by the f ree ly propagat ing waves was  ca lculated .  Using 
analyt ical  integra t ion,  this  energy rat io  was  found to  be  (equation (2 .180)  and (2 .188)) :  
 
 ,1                  
2
1
≤
+ rr  (6 .1)  
and  
 .1              11
2
1
≥




 + r
r
 (6 .2)  
 
In these fo rmulae,  r  is  the rat io  o f the wave  number  o f the forced incident  acoustica l  
wave to  the wave number  of  a  freely p ropagating wave .   
 
When the wave speed was d i fferent  ( in the two di fferent  infini te  hal f  media) ,  i t  was 
necessary to  use numerical  integra t ion over  the angle o f  inc idence to  ca lcula te  the 
di ffuse f ie ld  transmit ted  energy.  This thesis  provides graphs showing the rat io  o f the 
transmitted intensi ty for  a  forced  inc ident  wave to  tha t  for  a  freely p ropagat ing 
incident  wave .  
 
Then,  the case o f two ha l f inf ini te  p la tes connec ted by a  pinned  joint  was considered.  
The pinned joint  was considered because this  i s  a  reasonab le approximat ion for  two 
ha l f infini te  pla tes connected  at  r ight  angles a t  low frequencies .  Because ,  fo r  th is  
pinned joint  case ,  the angle be tween the p lates makes no di fference,  t his  thesis  
considers the case when  the p lates are  in the same plane.  Again  because o f the 
complexity,  normal incidence was considered f i rst ,  fo l lowed by the obl ique  inc idence 
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case.  Two d i fferent  d i f fuse f ie ld  cases were considered.  F irs t ly,  ca lculat ions were 
made for  the case o f a  single forced wave number  di f fuse incident  bending wave  fie ld  
in  the  fir s t  p late .  In the second  case ,  the  di f fuse  incident  bending wave  f ield  in the 
f irs t  p late  i s  exci ted by a  di f fuse airborne sound  f ie ld  on one s ide o f the  f ir st  p la te .  
The forced wave number  in the fir s t  p late  depends on the  angle o f  inc idence o f the 
forcing acoust ic  wave to  the normal to  the p late .  
 
For  the case when the wave in the f ir st  p la te  i s  exc ited by a  d i f fuse airborne  sound  
wave as  s ta ted above,  the transmiss ion of the  forced wave can be up  to  6dB less  than 
the t ransmission of the f reely propagating wave .  Thus the assumption that  i s  o f ten 
made,  when predic t ing f lanking transmiss ion using the methods in the EN12354 
standard,  tha t  the energy transmitted by the forced wave  can be ignored ,  i s  not  
necessar i ly cor rec t .  This  is  because the extra  at tenuat ion o f the forced bending wave 
compared to  that  o f the freely p ropagating inc ident  waves is  not  as large  as tha t  
predic ted by Vi l lo t  and  Guigou-Car ter  (2000) .  Of course,  in many cases the energy of 
the forced bending waves wi l l  be  much less than the energy of the free ly  propagat ing 
waves,  but  that  i ssue i s  not  considered in th is  thes is .  
 
The research conducted in  th is  thes is  could  be extended by consider ing junc tion types 
other  than p inned junct ions.  Unfortunate ly the equations wi l l  become even more 
complica ted than those presented in this  thesis .  
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Appendix 1 
Matlab code 
 
 
function z = squareroot( x, r, alpha) 
ralpha=r.*alpha; 
r2alpha2=ralpha.*ralpha; 
z=sqrt(1-r2alpha2.*(1-x.*x)); 
end 
This func tion calculates  the squareroot  terms used in the integral  funct ion  
 
function y = Integral(r,alpha,beta) 
ralpha=r.*alpha; 
if ralpha<=1 
    lower=0; 
else 
    lower=sqrt(1-1./(ralpha.*ralpha)); 
end 
y=quadgk(@p,lower,1); 
    function z=p(x) 
        temp1=squareroot(x,r,1); 
        temp2=squareroot(x,r,alpha); 
        z=abs(r.*x+temp1).^2.*real(temp2); 
        z=z./abs(temp1+temp2.*beta).^2; 
    end 
end 
This func tion calculates  the rela t ive transmitted  intens i ty fo r  a  d i f fuse inc ident  sound 
f ield  in the acoust ic  case as a  funct ion o f the ra t io  r  o f the forced wave number  to  the  
freely p ropagating wave  number  and the rat ios a lpha and beta .  Alpha i s  the wave 
number  in medium one d ivided by the  wave number  in medium two.  Beta  is  the  
impedance o f medium one divided by the impedance o f medium two.  
 
function r = transmit(alpha,beta) 
lower=0; 
upper=2; 
number=101; 
step=(upper-lower)./(number-1); 
r=zeros(number,3); 
r(1:number,1)=lower:step:upper; 
for m=1:number 
    r(m,2)=Integral(r(m,1),alpha,beta); 
    if r(m,1)<=1 
        r(m,3)=(1+r(m,1))./2; 
    else 
        r(m,3)=(1+1./r(m,1))./2; 
    end 
end 
r(1:number,2)=r(1:number,2)./Integral(1,alpha,beta); 
plot(r(1:number,1),r(1:number,2),r(1:number,1),r(1:number,3)) 
end 
This func tion calculates  and graphs the output  o f the integral  func tion at  101 equal ly 
spaced va lues o f r  fro m 0 to  2 .  The va lues are  normal ized by the  value of the integral  
func tion for  r  equals 1 .  The r  i s  equal  to  the forced wave number  divided by the wave 
number  in medium one.  The va lues are  ca lculated for  the  given values  o f  alpha and 
beta .  Alpha i s  the wave number  in medium one d ivided by the  wave number  in medium 
two.  Beta  i s  the impedance o f medium one divided by the  impedance o f  medium two.  
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function t = tau ( psi, kappa, chia, theta) 
sin2=sin(theta).^2; 
costheta=sqrt(1-sin2); 
chia2=chia.*chia; 
chia2sin2=chia2.*sin2; 
kappa2=kappa.*kappa; 
x=chia2sin2./kappa2; 
y1=sqrt(1-chia2sin2); 
y2=sqrt(1+chia2sin2); 
y3=sqrt(1-x); 
y4=sqrt(1+x); 
t=1i.*chia.*costheta+y2+(1i.*y1-y2).*(1+chia2)./2; 
b=psi.*(1i.*y1-y2)+kappa.*(1i.*y3-y4); 
t=t./b; 
t=abs(t).^2.*real(y3); 
end 
This func tion calculates  the rela t ive transmitted  intens i ty fo r  the case  o f  a  pi nned  
junct ion be tween two panels for  a  wave incident  at  an angle o f the ta  to  the normal to  
the junct ion.  The calculat ion i s  per formed for  the given values  o f psi ,  kappa and chia.  
Where psi  i s  the ra t io  o f  the bending st i f fness o f  plate  two mul t ipl ied by the square o f 
the wave number  in plate  two,  to  the bending s t i f fness o f p la te  one by the square o f the 
wave number  o f p la te  one.  The kappa term is  the  wave  number  in plate  two  divided by 
the wave number  in plate  one.  The term chia i s  the wave number  o f a  fo rced incident  
wave d ivided by the wave number  o f  a  freely p ropagat ing wave number  in  pla te  one.  
 
 
function chia = panel(psi, kappa, theta) 
lower=0; 
upper=2; 
number=101; 
step=(upper-lower)./(number-1); 
chia=zeros(number,2); 
chia(1:number,1)=lower:step:upper; 
for m=1:number 
    chia(m,2)=tau ( psi, kappa, chia(m,1), theta); 
end 
chia(1:number,2)=chia(1:number,2)./tau ( psi, kappa, 1, 
theta); 
plot(chia(1:number,1),chia(1:number,2)) 
end 
This func tion graphs  the  normal ized  output  va lues o f  tau as a  funct ion o f chia .  The 
term chia  i s  the wave number  o f a  forced inc ident  wave divided by the  wave number  o f 
a  free ly propagat ing wave number  in plate  one.  The va lues are  normalized by dividing 
by the output  o f  tau for  the freely p ropagating case  when chia equals 1 .  
 
function y = inttau(psi, kappa, chia) 
[m,n]=size(chia); 
 for i=1:m 
  for j=1:n 
   if kappa>=chia(i,j); 
    upper=pi./2; 
   else 
    upper=asin(kappa./chia(i,j)); 
   end 
   y=quadgk(@p,0,upper); 
  end 
 end 
 function z=p(theta) 
  z=tau ( psi, kappa, chia(i,j), theta); 
 end 
end 
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This func tion calculates  the rela t ive transmitted  intens i ty fo r  the case  o f  a  di f fuse  
bending wave f ie ld  in  the fir st  pane l  by integrat ing tau over  t he angle o f incidence. 
 
function chia = intpanel(psi, kappa) 
lower=0; 
upper=2; 
number=101; 
step=(upper-lower)./(number-1); 
chia=zeros(number,2); 
chia(1:number,1)=lower:step:upper; 
for m=1:number 
    chia(m,2)=inttau(psi, kappa, chia(m,1)); 
end 
chia(1:number,2)=10*log10(chia(1:number,2)./inttau(psi, kappa, 
1)); 
plot(chia(1:number,1),chia(1:number,2)) 
end 
This func tion graphs  the  normal ized  output  o f in t tau as a  funct ion o f chia  for  101 
equal ly spaced va lues from 0  to  2 .  The normal izat ion i s  per formed by d ivid ing by the 
va lue o f  in tau for  the f reely propagating case when chia equals one.  The term chia is  
the wave number  o f a  fo rced incident  wave  divided by the  wave number  of a  freely 
propagat ing wave number  in p la te  one .  
 
 
function y = dblint( psi, kappa, r, neta ) 
a=quadgk(@p,0,pi/2); 
    function z=p(phi) 
        sinphi=sin(phi); 
        chia=r.*sinphi; 
        temp=(chia.^4-1).^2+neta.^2.*chia.^8; 
        z=inttau(psi, kappa, chia).*sinphi./temp; 
    end 
b=quadgk(@q,0,pi/2); 
    function z=q(phi) 
        sinphi=sin(phi); 
        chia=r.*sinphi; 
        temp=(chia.^4-1).^2+neta.^2.*chia.^8; 
        z=(pi./2).*sinphi./temp; 
    end 
y=a/b; 
end 
This func tion calculates  the rela t ive transmi tted  intens i ty fo r  the case  when the 
incident  bending wave  f ield  i s  forced by a  di f fuse f ie ld  acoustic  wave.  I t  per forms a 
double integral  (over  angle o f inc idence and azimuthal  angle)  by integra t ing the output  
of int tau.  The va lues are  calcula ted for  the given angles o f  the rat ios  psi ,  kappa,  r  and  
ne ta  ( the damping loss factor  o f  the  fir s t  pane l) .  Where psi  i s  the ra t io  o f the bending 
st i f fness o f p la te  two mul t ip l ied by the square o f the wave  number  in plate  two,  to  the 
bending st i f fness o f p la te  one by the square o f the wave number  o f plate  one.  The  
kappa term is  the wave number  in p la te  two d ivided by the  wave number  in plate  one.  
The r  i s  equal  to  the forced wave number  divided by the wave number  in  medium one.  
The ne ta  term is  the in s i tu damping loss fac tor  of p la te  one ,  i t  has the value 0 .003 . 
 
 
function f = graphdblint(psi, kappa, neta) 
lower=0; 
upper=2; 
number=101; 
step=(upper-lower)./(number-1); 
f=zeros(number,2); 
f(1:number,1)=lower:step:upper; 
for m=1:number 
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    f(m,2)=dblint(psi, kappa, sqrt(f(m,1)), neta); 
end 
f(1:number,2)=10.*log10(f(1:number,2)./dblint(psi, kappa, 1, 
neta)); 
plot(f(1:number,1),f(1:number,2)) 
end 
This func tion normal izes the output  o f db lint  by divid ing i t  by the output  o f dbl int  for  
the case when r  equals one.  The r  i s  equa l  to  the  forced wave  number  d ivided by the 
wave number  in medium one.  
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